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SECTION I

INTRODUCTION

The purpose of this study is to recommend a set of experiments to be
conducted in an earth satellite vehicle which will best advance the development

of optical technology in space.

In order to make a wise choice of these experiments we must look
ahead into the next ten year period of space exploration. We must attempt to
‘forecast those important uses of optical technology in space for which a satel~
lite experiment program now will be most rewarding. We must also attempt to
foresee the unanswered technical questions and the difficult engineering perform-
ance levels required in these uses. We can then aim the experiments at sechring”

quantitative answers to the questions and at exploring the engineering difficulties.

In conducting the study, we have limited our field of consideration
to optical communication and certain closely related general aspects of optical
astronomy and optical scientific instrumentation in space. Important applica-
tions such as reconnaissance and mapping, optical radar, re~entry communication
through the ion sheath, etc., have not been considered. One reason for this
limitation is that the specialized aspects of these fields of optical technology

are being thor&ughly explored by major NASA programs now underway.

There is another reason for the limitation. Our study shows that

the concentration of experimental effort on the communication use of optics in

1-1
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space is not really a narrow limitation on the general usefulness of the results,

For example, some of the key issues concerning space astronomy are:
(1) diffraction-limited performance of large apertures.
(2) guidance to fractions of an arc-second
(3) isolation from vehicle disturbances

(4) ground-controlled testing and adjustment of the

system,

The 1list of key ilssues in space laser communication includes each of these as
well as others. 1In fact, it appears that the only major technical issue in space
astronomy which should not be included at present in a study of space optical
communications is the very special problem of developing a technique which will
permit launching 100-inch (and larger) giant aperture telescopes and maintaining

their performance to diffraction limits.

It is fairly clear that apertures this large will not be economically
justifiable in optical communications systems for a long time, even though they

will be justifiable for astronomy as soon as they are technically feasible.

Diffraction-limited apertures of 100 inches have not been achieved on
-the ground, -and are now far from being achieved in space without several years of
ground-based research effort and component development. In contrast, virtually
all the system and component technology necessary for a wide range of space laser
communication systems with apertures up to 1 meter diameter is now in existence in
ground-based fo¥m. Thus, planning for optical communication experiments in space

can be done on a realistic basis at the present time.

1-2
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1,2 show that when the need arises for com-

Finally, numerous studies
munication channels of the order of 10% to 1d7bits/sécondcapacity at interplane-
tary distances, laser communication techniques appear to be the system of choice.

This should remain true at least until the era of large nuclear electrical power

plants in spacecraft,

For all these reasons, it is sound to place the major stress in plan-
ning the Optical Technology Satellite on the problems of optical communication.
These include most of the important optical technology questions of satellite
astronomy which are ready for space experimentation and are not being explored

by other NASA programs.

The first part of our study of the Optical Technology Satellite was
directed at the questions from this technical strategy viewpoint. We have developed
a fairly plausible picture of some roles of optical communication in space explora-
tion. This plcture will be presented, for it sets the background for many of the

choices of experiments we describe in later sections.

1.1 SOME REQUIREMENTS OF OPTICAL COMMUNICATION IN SPACE

There are some basic facts about optical communication systems in
space which are not entirely obvious, but which dominate their design. Consider
a system as shown schematically in Figure 1-1. Here for purposes of discussion
the vehicle is shown as having separate transmitting and receiving antennae, It
sends signals to a receiver on the Earth's surface which it locates by tracking

an adjacent beacon transmitter. It may also recelve signals on the beacon beanm.

Some facts about a practical system of this sort are as follows:

I :
References can be found starting on page 9-1.

1-3
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(1) Only the downward communication requirement is dif-
ficult, The vehicle to Earth (dbwngoing) communica-
tion capacity must be much larger than the upgoing
capacity. All the technical difficulty is associated

with this requirement.

There are two reasons for this. First, large com-
munication rates are primarily required for the trams-
mission of pictorial information. Virtually all the
reasonably foreseeable Earth to vehicle (upgoing) com-
mand and control messages can be transmitted over far

narrower bandwidths°

Second, it is economically sound to pro&ide far more
transmitter power on the ground to transmit commands
and control signals upward than is feasible in the

vehicle for the downgoing transmission of scientific

data.

(2) The vehicle transmitter is always diffraction limited.
In a practical laser communication system, the vehicle
transmitter's antenna is always, without exception,
diffraction limited, and is always pointed at the re-
ceiver with an angular pointing error which is small in
comparison with the diffraction beam spread. This is
so because if the vehicle's transmitter beam spread or

the pointing error is larger than the diffraction limit

1-5
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3)

of its aperture, then it is always possible to make
a smaller aperture system which has the same beam
gspread but in which diffraction sets the beam spread,

rather than errors of construction.

This leads to the need for exceedingly small pointing
errors if large transmitter apertures are used. About
0.3 arc-second goes with a 5-inch aperture. A 36-inch
aperture requires 0.05 arc-second. Pointing errors this
small can be achieved with a coarse-fine pointing sys-
tem in which a coarse system points the whole antenna,
and the fine system moves a small optical component to

adjust its line of sight a small amount.

A major group of experiments chosen for the Optical
Technology Satellite is aimed at solving the difficulties
of attaining diffraction-limited performance and point-
ing, in a reasonably large aperture, under typical con~-

ditions of use in space.

The boresighting error between transmitter and receiver
must be small compared to the diffraction angle of the

transmitter antenna.

This leads to such a severe requirement in the case of
4~ to 40-inch apertures that as a practical matter it
can only be achieved by making the receiver and trans-
mitter share the same antenna. Thus, the transmitting
and receiving mirror antenna on the vehicle are com-

pelled to be the same.
1-6
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This causes no disadvantages for the following reason.

It is sufficient that the diameter of the receiving
antenna be the same as that of the transmitting antenna,
in which case it will have at worst the same beam spread,

and is well able to tell the transmitter where to point.

To merely receive control messages, however, the antenna
need not be any larger than the transmitting antenna, be-
cause the bandwidth of the receiver control signals is
much smaller than the bandwidth of those transmitted,
Moreover, the beacon source power on the ground can be
far greater than the transmitter power in the vehicle.
In spite of the fact that the beacon beam directivity

is limited by the Earth's atmosphere, and the fact that
the Earth station receiver antenna can be very much
larger than the vehicle receiver antenna, it turns out
that the vehicle receiver is not required to have a
larger antenna than the tramsmitter in typical cases.
Consequently, they may share the same antenna even in

an optimum system.

This sharing gains the advantages of smaller size and
weight, as well as simplification of the boresighting
of receiver and transmitter, However, it is necessary
to take the precaution of operating the Earth beacon
and the vehicle transmitter on different laser fre-

quencies so that transmission and reception at the

1-7
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vehicle can occur simultaneously without interference

from scattered light or other pernicious effects,

The need to relate the directions of a transmission

and reception path with such incredibly small angular
boresighting error is a new problem, unique to optical
communication, It does not occur in the guidance of
astronomical telescopes on stars. It will require that
a special self-alignment feature be built into the opt~-
ical system to maintain the boresight alignment through
launch and the space environment. A group of experi-
ments has been chosen to obtain quantitative measures
of the boresight error in space conditions, and of the
value of the self-adjusting systems' work to correct

it.

(4) For deep-space trajectories a deliberate offset or point-
ahead angle must be added to the boresight adjustment to
compensate for the motion of the Earth relative to the
vehicle, between the time when the beacon signal leaves

i . the Earth and the transmitter signal returns to the

Earth.,

At close ranges, this is not a serious problem, since
the transmitted beam can be broadened to include the

point-ahead angle. But for the deep-space case it poses

1-8
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a very serious problem which has been considered by
some Investigators to set a total bar to the use of

optical communication from interplanetary space.

For these conditions, the point-ahead angle required
may be 300 times the beam spread of the transmitter;
hence, it must be introduced with an accuracy of 1

part in 300.

It can not be introduced with a servo loop from the
earth by sending a continuous error signal to operate
the pointing system, because such a loop would have
many minutes of tranmsport lag inside it, and almost
certainly can not have enough loop gain for the needed

tight control of the pointing error,

A workable method is to compute the offset (it will be
a very slowly varying function of time) and introduce-
it on an open loop basis at the vehicle. To maintain
the necessary accuracy of this open loop offset system,
it can be calibrated once per day or so by an extremely

slow closed loop system.

A special case of this open loop offset occurs when it
is desired to transfer the downward beam accurately to
a different receiver on Earth while still tracking the
same beacon. This is required when weather or Earth's

rotation requires switching to another ground station,

1-9
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(5)

(6)

/

An especlally critical group of experiments is aimed
at gaining experience with pointing ahead and trans-

fer to another ground station,

Acquisition of contact from deep space after a long

signal dropout requires special planning and procedures.

Since mutual contact between a distant vehicle and Earth
will be possible only with extremely narrow beams and
fields of view, reacquisition will require the execu-
tion of special acquisition modes of operation for both

vehicle and ground station,

Simulating these conditions experimentally in a satel~-
lite close to Earth is one of the most difficult parts

of the program. Several experiments are devoted to it,

Optics of the atmosphere are extremely important in

planning an overall system.

For reasons to be set forth later, it is almost certain
that the Earth-end of most space optical communication
systems will be on the surface, not in orbit. The losses,
transverse coherence lengths, signal disturbances, and
background radiation introduced by the atmosphere are
major factors im the choice of laser frequencies, type

of modulation, and laser power levels. Especially im-

portant is the influence of these factors on the choice

1-10
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between optical heterodyne detection with post-detection
filtering or intensity detection with pre-detection filt-
ering to discriminate against background signals, Day-
time sky background seen by the ground station receiver,
and the earthshine seen by the beacon tracker in the
vehicle are both serious factors influencing system de-
sign because they force the use of narrow tracking fields

of view.

Virtually all that we need to know about the atmosphere
is already known from astronomical and other data to a
degree adequate for planning a useful experimental sys-
.tema However, to refine and optimize future designs,
and to probe for unexpected effects, a group of atmo-

spheric experiments has been chosen.

(7) A carefully planned set of ground-controlled image exam-
ination points and adjustment actuators must be provided
to permit testing and alignmment of the optical system in

orbit.

It is a universal truth about large high performance
optical systems of any kind, that it is not possible to
make and assemble them so that they will stay aligned
under the extreme stresses of launching and the thermal
shocks of the space environment, to say nothing of the

long~time drift of component characteristics. Although

1-11
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a certain amount of automatic adjustment equipment

will have to be included in any practical large aper-
ture éptical system, the design of a generally self-
corrective (adaptive) large aperture system is totally
beyond the present state-of-the-art even for a ground
based system. Clearly, human intervention is required
to maintain such systems to their designed diffraction-
limited performance. The REMOTE MANUAL OPTICAL ALIGN-
MENT experiment (Number (3) on page2-16) discusses the
specific reasons why manual adjustment is required and
presents a scheme for evaluating possible methods. The
results of this experiment are crucial to all aspects

of optical space technology.

1.2 SYSTEM TRADE-OFFS
The previous discussion has prepared us to discuss the critical trade~
offs in a laser communication system design. We must understand these to choose

satellite experiments wisely,

First, we must always recall that all trade-offs of one design aspect

against another are purely economic matters, not technical ones.

A group of proposed space missions requires a certain communication
rate in bits per second under certain conditions of range, duration, timing, etc,
These requirements can be met by competing designs, or indeed by entirely differ-

ent competing methods, each at a certain overall cost,

1-12
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An optical communication system will only play a role if it minimizes

the overall cost of the group of missions in which it is used,

In this Phase I report we cannot do in detail all the quantitative
cost comparisons necessary to choose an optimum design, but we can foresee the

general nature of the solution well enough to plan the satellite experiments.

For example, a few aspects concerning aperture sizes stand out strongly.
Clearly, for a given downward information rate, aperture diameter at the transmit-
ter can be exchanged for aperture diameter at the receiver on a l:1 basis, so far
as performance is concerned, but the cost of enlarging the aperture diameter in

space beyond the 40-inch range is very high because:
(1) total weight and size go up dramatically;
(2) tolerable pointing error decreases;

(3) open-loop point-ahead offset error required becomes

a smaller fraction of the total offset;

(4) the chance that a partial failure of any component
will degrade the system to an intolerable degree
increases rapidly; this necessitates more backup

units which are costly,

The cost of receiver area on the ground also increases as its own
size increases., But if a whole set of missions will require 6 ground stations
(for diversity reception) to be used with 30 space vehicles, each increment of
area on the ground can cost five times as much as it saves per space vehicle and

still be a good buy.
1-13
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Very rough estimates we have made indicate that, for Martian dis-
tances (108 miles) and 107 bits/sec capacity, a typical solution comes out with
the space aperture near 40 inches and the ground-based aperture (a low resclution

energy catching system) 400 inches.,

The graph of Figure 1-2 shows these rough relationships. Channel
capacity for earth reception versus range is shown for the minimum capacity 8-

inch diameter system and the 39-inch diameter system mentioned earlier.,

The influence of daytime sky brightness is shown by the dashed sec-

tions of each curve.

The calculation is based on the use of a 5-bit pulse code modulation

system utilizing polarization change to mark the binary digits.

The calculation ignores the effects of loss of spatial coherence at
the receiving aperture caused by the mirror's imperfection and the turbulence ef-

fects of the atmosphere,

Discrepancies between experimental measurements and this simple theory

may be an interesting result of the experiments.

Similar trade-offs of solar cell power versus transmitter and receiver
aperture must be averaged over the cost of launching solar collectors for power-

ing a large number of units versus larger ground receiver area.

Similarly, the cost of the best cryogenic cooled detectors on the
ground,which will have the unity quantum efficiency assumed in these examples,
and the cost of a very powerful ground beacon are returned in comparison with

the cost of less laser power and detector cooling on the spacecraft.
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Power conversion efficiency of operation of the laser and modulator
in the spacecraft is of course at a premium. An order of magnitude advance in
efficiency, however, would probably be traded mostly for smaller aperture, more

reliable, and less costly transmitter systems.

Clearly, the trend of cost pressure in these optimizations is to ex-
tremely large, high performance ground stations and to the smallest, most simple
modules aloft. This is the reason why orbiting of a receiving relay station
near the earth is impractical. The gain in performance it would give can almost
certainly be achieved at lower overall cost for a number of ﬁissions by many
large ground stationms.

1.3 A FORECAST OF THE ROLE OF OPTICAL COMMUNICATIONS
IN SPACE EXPLORATION
The upper bound of size and weight for laser communication systems

of the foreseeable future might be forecast as follows.

With the advent of the reliable boosters of the Saturn family, there
has been a quantum jump in the size of payloadsbthat could be made available for
deep-space scientific missions. No longer are we constrained to 1000-pound pay-
loads; now, plans to send payloads of over 6000 pounds to the vicinity of ihe
planets are realistic. A laser communication system of 40-inch aperture in
space and 400 inches on the ground could provide a bandwidth of over 1 megacycle
with a 30-db signal-to~noise ratio at 100 million miles; the system weight is en-
visioned at 1000 to 1500 pounds., Thus, in broad terms, approximately 15 percent
of the deep-~space payload could be allocated to communication, while the balance
of the weight would be distributed between the scientific sensors and the house-

keeping subsystems of the spacecraft. “The power input requirements for this
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l1-megacycle laser communicator would be modest, perhaps 200 watts. This level
of power input could be obtained through the use of solar collectors within the
present technology. The cost of such a communication system will be a substantial

fraction of the total, but it will not completely dominate the mission cost.

Moreover, what about the lower bound of practical size and weight?

This can be roughly estimated as follows:

To operate and modulate adequately almost any laser communicator
at all takes some minimum power, say 50 watts, and for this one can get some 10
milliwatts of modulated radiation as the minimum plausible amount. Trying for

less than this would not save much cost or weight,

We can also make the transmitting aperture very small, but reducing
it to less than eight inches does not really save much cost or weight in a typical
mission. Already we have reduced the pointing error problem to one which can prob-
ably be handled without a coarse-fine system, and we have reduced the accuracy re-

quired in the point-ahead problem.

It 1s interesting to note, then, that such a system will provide a
bandwidth of 50 megacycles at 30~db SNR using a typical modulation scheme at a

range of 0,25 x 10 miles!

This suggests that, at the lunar distance, even the 8-inch system of
minimum size and weight gives a communication capacity so large that only missions
requiring extraordinary bandwidths could usefully employ it. TFor more modest band-

widths, the all-weather microwave system would probably save overall mission cost.
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It appears, then, that the most attractive region for optical com-
munication is at interplanetary distances and on missions where very large chan-

nel capacity is absolutely essential.

1.4 HOW MUCH CHANNEL CAPACITY IS ENOUGH?

This may appear to be a senseless question, but it is not. More com-
munication than we have today in space would be better, but at some point, more
capacity will cost much more money. There must, therefore, be a limit to econ~-
omically justifiable channel capacity for nearly all missions which can be

launched in the next decade. It is important to make some effort, however rough,

to estimate what this limit is.

One kind of thinking which helps to localize the economically justi-

fiable level of performance runs as follows.

A quick study of the output systems of all types of scientific instru-
ments shows that, for example, recording spectrophotometers generate, at the most,
10 bits per second. X-ray diffraction apparatus, exposing onme plate per ten minutes,

generate about 104 bits per second average rate. In a 6000-pound vehicle with a

1000-pound communicator module there might be, at the most, 2000 pounds of assorted

instruments comprising 20 types. These would scarcely be capable of generating a

bonafide information rate exceeding 106 bits per second.

An exception exists when one or more of the instruments is a real-
time television camera generating a typical 5 x 106 bits/sec. Suppose that this

is the case. The next question, then, is at what does it look?
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If the television operates full time, sending 30 frames per second,
any scene which is not rapidly changing will be redundantly transmitted., Pic-
tures of stationary scenes become redundant at once, unless a human at the re-
ceiver is using the television picture as visual feedback in controlling a re-
mote slave manipulator in an eye-to-hand servo loop. However, if there is a
round trip transport lag exceeding a few seconds in the loop, the operator's
normal coordination will be interrupted. He will operate in short bursts of
open loop activity, the results of which are observed one transport 1ag later,
Consideration of this type of activity indicates that the highest rate of new
pictoriai information the operator can really use is in the order of ten new
plictures per transport lag period. More pictures than this are essentially re-
dundant., If there is a typical Martian transport lag of 15 minutes, ten tele-

vision frames using this period average 1.6 x 103 bits/sec.

1.5 ADEQUACY OF PLANNED EXPERIMENTS

We have made some rough estimates of the range of channel capacities
which seem technically feasible with optical communications. A rough check as
to the range of missions for which these would be adequate is interesting.
Scientific instruments seldom generate more than a few tens of bits per second
unless they take photographic pictures. At one 2 x 2-inch frame per ten minutes,
this averages 104 bits per second. Real time television generates 5 x 107 bits
per second, but the number of cases in which the full 30 frames per second is
not highly redundant is rare. One such case is high resolution mapping of a

planet in a close flyby.

Thus, except for extensive mapping missions, the capacities avail-

able from optical communicators appear to exceed or are matched to the needs,
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Thus, we need not expect great pressure for as much as 107 bits/sec except in

rare instances and on mapping missions.

The experiments we describe later are thus, in general, not aimed

far below requirements of the next decade.

1.6 SUMMARY

This is a Phase I Report and, as such, the output of the activity
is the recommendation of important experiments to aid the development of fhe
optical and communications technologies. We have presented these recommenda-
tions in Section II in as concise a manner as possible. The following sections

of this report offer more detailed discussions of each recommended experiment.

The experiments are arrayed together in logical groups: polnting, acquisition,

atmospherics, and heterodyning. This report considers the experiments in near-
_—

earth orbit as an assessment operation for feasible deep-space communication

approaches. Appropriate back-up in the form of calculations is presented where

L —

applicable.
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SECTION II

OPTICAL COMMUNICATIONS /TECHNOLOGY

EXPERIMENT RECOMMENDATIONS

As a consequence of a series of meetings among the technical

staff at Perkin-Elmer, a list of thirty experiments was developed. This

group was divided into five sub groups: atmospheric experiments (para-

graph 2.1), eye-hand loop experiment (2.2), heterodyning experiments (2.3),

tracking and acquisition experiments (2.4), and the communications experi-
—_—

ments (2.5). Each of the thirty experiments identified in the list was

evaluateﬂ in accordance with the flow diagram, Figure A-1, and a concise
experiment definition report was developed for each experiment to assist
in the selection process (see pages 2-11 to 2-35). The experiments which
should be conducted to further optical communications technology were re-
duced to those which could be best conducted from a satellite. It was
found that some of the experiments could be executed on the ground (or
from aircraft or balloons). These were culled from the lists. Certain
experiments were found to lend themselves to combination with others on
the lists, and the experiment sheets and experiment procedures were modi-
fied to reflect this combination. Some experiments were too remote from

prospective benefits to laser communications and/or optical techmnology.
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Thus, the list of thirty experiments was reduced to a group of thirteen to
be analyzed further in the Phase II activity of this Project. These ex-
periments are discussed in a brief summary form in the following material.
2.1 SUMMARY DESCRIPTIONS OF THE RECOMMENDED ATMOSPHERIC
EFFECTS EXPERIMENTS
(1) 1Is there scintillation of a coherent light beam coming to the earth
from space after passing through the atmosphere? What is the variation
of percent modulation as a function of aperture (or an array of small

apertures)? What is the difference between day and night measurements?

What is the difference between slanted and vertical beams?

Atmospheric Scintillation Experiment: Measure the amplitude and fre-

quency distribution of light intensity from a coherent source as sensed
after passing through the whole atmosphere. This should be done both
from the earth to the satellite and from the satellite to the earth,

for (at least) two aperture sizes, for (at least) two laser frequencies,
for day and night conditions, and for various weather conditions and

slant angles.

(2) Does the atmosphere change the polarization of coherent light beams?

Note the changes and losses in polarization.

Atmospheric Effects on Polarization Experiment: Detect and measure

any effects the atmosphere may have on plane and circularly polarized
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light, with particular emphasis on depolarization, for both the up- and

down~looking directions.

In recent years, the sun's magnetic field has been inferred from
the polarization of light from sunspots. The polarization does not change
with slanting look angles through the atmosphere. In addition, measured
polarization in the light from the Crab Nebula and other nebulae tends to
confirm the physical theory which says that the atmosphere has no significant
effect on the polarization of transmitted light. Hence, we expect that no
major rotational effects will be found. However, thg experiment is easy‘3
to perform and requires little equipment. A few perceﬁt of depolarization
may be discovered and be of interest. The depolarization would probably
be more important as the number of scattering particles in the atmosphere
increases, since scattered sunlight is partially polarized by haze, particu-

larly in rainbows.
2.2 BRIEF DESCRIPTION OF AN EYE-HAND LOOP EXPERIMENT

(3) Conduct a video viewing operation of optical technology experiments
on the satellite and provide the earth-based optician or astronomer with
a series of servo controls to conduct an experimental sequence based on

observations.

Remote Manual Optical Alignment: The broad bandwidths which optical

communication makes available in downward transmission from space vehicles



PERKIN-ELMER Report No. 7846

2.3

may permit sending real time television pictures. An outstanding scienti-
fic and engineering benefit derived from this possibility is the closing of
the eye-to-hand servo loop of a human operator using the optical communica-
tion link. This permits a scientist on Earth to carry out operations in
the spacecraft which require eye-to-hand coordination. He visually moni-
tors the motions of slave manipulators which he controls from the ground.
The objective is to explore the feasibility and equipment requirements of
conducting, in the unmanned spacecraft, an optical technique type labora-

tory procedure which requires eye-to-hand coordination.

For example, the effects of weightlessness on the optical elements and the
alignment of mirrors and lenses for diffraction-limited performance can be
anticipated. But if an automaton of limited capability could be placed
aboard the satellite and a TV link established between the work areas and
the tool areas, a highly skilled astronomer or optician on the ground could
function as if he himself were in the satellite and personally performing
the tasks which would take place in an observatory or on an optical bench.
The communication transport lag on human performance would have to be

evaluated.

SUMMARY DESCRIPTIONS OF THE RECOMMENDED HETERODYNE EXPERIMENTS

(4) Optical Heterodyne Detection in the Satellite Experiment: In detect-

ing and tracking the earth beacon, one of two methods of reduction of back-
ground noise due to earthshine is heterodyne detection in the spacecraft.

The other method involves the use of a narrow pre-detection filter.
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2.4

One purpose of this experiment is to develop sufficient engineering ex-
perience with design and operation of a space-bérne heterodyning system

so that its feasibility, reliability, performance, and cost can be evalu-
ated relative to pre-detection filter systems which achieve the same pur-

pose.

A second purpose of the experiment is to evaluate the utility of Doppler
velocity measurements made using the Doppler shift of the optical carrier
in comparison with other methods of obtaining such velocity information,
such as the shift of a narrow-band microwave signal or the shift of a

narrow-band, radio frequency, intensity modulation on the optical carrier.

(5) Optical Heterodyning on Earth Experiment: Verify the theoretical

prediction that the signal-to-noise ratio in heterodyne detection in the
atmosphere is limited by the transverse coherence diameter in the atmos-

phere.

A second objective is to measure this transverse coherence diameter.

SUMMARY DESCRIPTIONS OF THE RECOMMENDED TRACKING AND ACQUISITION
EXPERIMENTS

(6) 0.1 Arc-Second Tracking Demonstration Experiment: This will be an

engineering demonstration of angular tracking using lasers on a satellite
in a synchronous orbit. Measurements will be made of the beam pattern as
received on earth from the diffraction-limited optical system in the space

environment.
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Angular rates due to variations of the orbital location shall simulate
relative angular rates between the earth tracking station and a deep-space
vehicle. Tracking accuracy shall be measured as a function of SNR. Angu-
lar jitter, zero drift, pointing stability, velocity error, acceleration

error, and dynamic range of control are to be measured.

(7) Point-Ahead Experiment: The point-ahead problem for laser communica-

tions in deep space is the difficulty associated with the precise pléce-
ment of the beam at the location of the moving ground station (due to the
earth's orbit around the sun) when the transit time of the light beam is
substantial. In many ways, the problem is similar to the classical fire
control system that must point ahead of the target so that the projectiles
intercept the anticipated position of the moving target. Here the transmit
photons from the space-borne laser beam are analagous to the projectiles.
Light will take 7 1/2 minuteé to traverse 108 miles., During this period

of time, the earth is moving in its orbit around the sun, the earth sta-
tion is rotating about the axis of earth rotation and the space vehicle is
moving along its trajectory. The Point-Ahead Experiment evaluates the
proposed solution to this most difficult problem. The solution proposed
by Perkin-Elmer is based upon a logical extension of the five years of

scientific and hardware development work on the Stratoscope II Telescope.

(8) Space-to-Ground-to-Space Loop Closure Experiment: At synchronous

altitudes, the time delay due to the transit time of the optical beam is
small (although not negligible). A feasible closed loop system test of
the pointing system will provide the standard by which to assess the neces-

sary open loop modes of the laser communication system.
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(9) Iracking Demonstration in the Presence of Spacecraft Motion

Disturbances Experiment: Measure the capability of the tracking system

to maintain pointing operations with perturbations of motion present in

the satellite's three rotational degrees of freedom. The experiment ob-
jective is to demonstrate that satellite motions about each individual
axis and combinations of motions can be accommodated without significantly
degrading the tracking performance. The range of velocities and accelera-
tions will include values that can be anticipated for an instrumented deep-

space probe.

(10) Suspension Systems Comparison Experiment: This test should yield

comparative performance data on at least two promising spacecraft teles-
cope suspension arrangements and the associated hardware performance. The
suspension hardware (i.e., flexure bearings with torquers or magnetic sﬁs-
pension devices) must decouple the telescope line of sight from motion dis-
turbances present in the spacecraft and yet provide the reaction base for

telescope steering torques.

(11) Tracking Transfer Demonstrations from Ground Station A to Ground

Station B Experiment: Following the period of time during which the satel-

lite has been tracking Station A, the optical communication link must be
shifted to Station B (an angular displacement of some 8 arc-seconds). This
demonstration will simulate the condition in deep space when the vehicle
has locked its receive optical system into the apparent line of sight of
the ground station and is now faced with the problem of transferring com-

munication to another ground station.
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2.5

2.6

(12) Earthshine Effects on Acquisition and Tracking Experiment: When

viewing the ground from the satellite, demonstrate acquisition for a
l1-degree field of view and determine the acquisition and tracking degrada-
tion that will take place in the presence of anticipated natural variations
of earthshine. Earthshine variations that must be evaluated in terms of
acquisition and tracking performance will include the conditions of night-
time operations without moonlight (at the ground beacon) through the con-~
ditions of high-noon sun illumination in desert areas. Dependent upon
cooperation from natural weather phenomena, the effects of other high
albedo conditions, such as water glint, snow fields, high white scattered

clouds or glint from ice particles in clouds, should be measured.
COMMUNICATIONS EXPERIMENTS

(13) Communication at 107 CPS Experiment: Demonstrate a communication

system with a bandwidth of 10 megacycles and employing various modulation
techniques, such as amplitude modulation or polarization modulation of the
laser beam. For example, the light might be video detected in a photo-
multiplier tube (AM) or in a pair of photomultiplier tubes (polarization
modulation). The demonstration should confirm the SNR and data error
rates theoretically predicted for that modulation method and hardware and

for the selected communication technique.

OPTICS TECHNOLOGY EXPERIMENTS
The combination of a moderately large aperture optical system operating at
or near its diffraction limit in space with a suitable laser light source

is an extremely powerful tool for the development of future large aperture
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optical systems in spaée. This combination permits the collection of
engineering data on how well the nearly perfect optical system performs
under the controlled variation of parameters, such as thermal input, velo-
city and acceleration disturbances, and gravity-free environments. Thg
Orbiting Astronomical Observatory series of payloads are the 1argest
aperture systems presently in hardware for space flight (although not in
orbit until 1967). These optical apertures are 38 inches in diameter
with a planned figure of 1/4 wave (the Goddard Experiment) and 32 inches
with a planned figure of 1/10 wave (the Princeton Experiment). 1/4-wave
performance and even 1/10-wave performance are not the performance capa-
bility bounds of the present state of the art in figuring a large mirror
system, Stratoscope II represents a closer approach to the limit of
optical perfection with its figure of 1/50-wave performance. However,
Stratoscope II is a balloon-borne payload rather than a space-borne
payload and the mechanical configuration that was applicable to that very
soft launch operation is not suitable for the more difficult rocket launch
operations of a space optical system. Moreover, Stratoscope II operates
in the presence of gravity while a space optical system would not have

that constraint.

It, therefore, seems advantageous to utilize the space laser communications
equipment of the Optical Technology Satellite to conduct experiments on
the measurement of performance of the space optical system. Adjustable
and "tunable" elements in the optical system (i.e., in-flight alignment

and focus as described on pages 6-28 through 6-34) and perhaps even some
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controllable figure systems for the primary mirror can be evaluated using

the laser at the focus of the telescope.

EXPERIMENT DEFINITION REPORTS

The description of each recommended experiment has been expanded in the
following sheets to provide the reader with: (1) an understanding of the
basic experimental hardware which would be required to conduct the experi-
ment, (2) a brief description of how the experiment would be conducted, and

(3) the data forms that the experiments would produce.
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(1) SCIENCE EXPERIMENT: ATMOSPHERIC SCINITLLATION

Experiment Objective(s): To measure the amplitude and frequency distribution

of light intensity from a coherent source as sensed after passing through the
whole atmosphere. This should be done both from the earth to the satellite and
from the satellite to the earth, for (at least) two aperture sizes, for (at
least) two laser frequencies, for daytime and nighttime conditions, for various

weather conditions and slant angles.

Basic Experiment Hardware: Optics Technology Communications Systems

On the Satellite

Narrow-band filters

1 large télescope

Aperture stops or small telescope

Visible laser

IR laser

Real time return transmission to ground
On_Ground

1 large telescope

Recorder

Laser transmitter with variable antenna aperture

1 channel microwave

Receiver and control (signal amplitude and AGC data)

Experiment Procedure: Record the received laser signals at various positions

in the beam spot for the conditions mentioned under Objectives. Analyze the

recordings for amplitude spatial distribution and frequency distribution. Cross
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correlation between scintillation and pointing errors would be useful in servo

system analysis.

Form of the Data to be Collected: Recordings of received signals on ground

and of signals from space. There will be statistical data processing computer

time involved.

Optical Communication Technology Bemefits: The data is very important for pre-
dicting noise levels and useful in determining maximum aperture size. This
data will help determine feasibility of heterodyne and homodyne detection

systems and other coherent detecting systems.

Scientific Windfalls: This data will contain the first measurements ever made

of atmospheric scintillation from the satellite to the ground on a coherent
source and the comparisons with measurements of starlight scintillation from

the ground to the satellite will be utilized in a better understanding of the

atmosphere,
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(2) SCIENCE EXPERIMENT: ATMOSPHERIC EFFECTS ON POLARIZATION

Experiment Objective(s): Attitude control of a vehicle and optical

communications are two problems which can possibly be solved by methods
utilizing the 100-percent polarization of a laser source. For instance,
the torsional alignment of a vehicle about the line of sight may be
determined (to within one of two positions) by locating the plane of
polarization of its laser beam. This can be accomplished by finding

the crossed position of a polarizing prism for null transmission. The
accuracy of the aligmment system is limited by the sharpness of the null,
which is in turn limited by any depolarization of the beam. Also, any
optical communications system which depends on some form of polarization

modulation may be adversely affected by depolarization of the beam.

The interaction of a magnetic field (such as the Earth's magnetic field) -
with a material medium (such as the atmosphere) causes a rotation of the
plane of polarization of transmitted light. This is the Faraday effect.
For the Earth's atmosphere a Faraday rotation of the order of 1 arc-minute
may be observed. Faraday rotation is, therefore, probably unimportant

to communications and attitude control, but there may be other (umknown)

effects.

In recent years the sun's magnetic field has been inferred from the
polarization of light from sunspots. The polarization does not change
with slanting look angles through the atmosphere. In addition, measured
polarization in the light from the Crab Nebula and other nebulae tends

to confirm the physical theory which says that the atmosphere can have
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no more than small effects on the plane and degree of polarization of
light. For the case of optical communication, émall amounts of de-
polarization of the transmitted light will probably not cause serious
degradation of the signal, in comparison with the effects of unpolarized
background radiation. However, the proposed attitude control system is
sensitive to slight losses of polarization of the source, since the
losses will broaden the position of the null. Such loss of polarization
or rotation of polarization might be related to the number of scattering
particles in the atmosphere, if they are aligned anisotropically by some
preferred direction mechanism such as wind or gravity. The existence of

the effect would itself be of scientific interest.

The measurement can not be made using a retrodirecting reflector of the

S-66 satellite type.

Basic Experiment Hardware:

Optics Technology Communications Systems
Analyzers and quarter-wave plates

Suitable encoding equipment in the satellite,

Experiment Procedure: Transmit CW laser light in both directions and

measure its polarization with the analyzers and quarter-wave plates.
When light is received at the satellite, encode the measurements and
transmit the data to earth, Integrate readings over a sufficient period
to eliminate atmospheric scintillation effects. It will be of particular

interest to compare results for linearly and circularly polarized light.
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Form of the Data to be Collected: Intensity measurements as a function

of polarization angle.

Optical Communication Technology Benefits: Results will help to determine
the limitations of an attitude control system using polarization. If no

large effects are observed, confidence in modulation systems using polariza-

tion will be increased.

Scientific Windfalls: Probable confirmation of general theory and per-

haps the discovery of weak effects.
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(3) SCIENCE EXPERIMENT: REMOTE MANUAL OPTICAL ALIGNMENT

Experiment Objective(s): The wealth of optical fabrication experience

indicates that a large aperture optical system cannot maintain diffraction-
limited performance over a long period of time in an enviromment as hostile
as the space environment without occasional testing and adjustment. The
adjustment problem is made formidable by the multitude of possible mis-
alignments, the required precisibn of alignment, and the amount of in-
formation about image quality necessary to determine what adjustments
should be made. It is difficult to design a mechanically actuated align-
ment system with a set of independent adjustments sufficient to cope with
all possible misalignments and difficult to gather the necessary perfor-~
mance data with a reasonable number of photosensors. Even if these pro-
blems are solved, the observed aberrations of the image may not correspond
in any 1:1 fashion with the procedure required for correcting them. General
alignment of large optical gystems is, therefore, virtually never accom-
plished without some human intervention. This alignment is usually per-

formed in an earth-based test tunnel.

One area of experimentation crucial to all aspects of optical space
technology is the area of remote manual optical alignment. Although most
such alignment problems may be simulated in ground-based laboratories,
the additional freedoms and constraints imposed by a zero-gravity en-
vironment cannot. Space-borne experiments are also required to increase
confidence in the ability to maintain the performance of optical in-

struments in space.
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The experiment will explore the equipment requirements and the feasibility
of re-aligning a large aperture system in space. The performance of both
the remote control system and the human operators will be evaluated.

Since the operator will need information about system performance which

is essentially visual (i.e., the image quality at various places in the
optical path), the real time television capability of the Optical Tech-
nology Satellite will be utilized. The communication transport lag of a
deep-space vehicle may be simulated easily with ground equipmenf, and

its effects on human performance may be evaluated.

Bagic Experiment Hardware:

On the Satellite

Television camera and suitable viewing aparatus

Test source

Remote control actuator system for positioning optical elements
Communications equipment for transmitting television signals and receiving

control system commands.

On the Ground

Operator's console with controls and video presentation
Communications equipment

Means for inserting variable transport lags into the control loop

Experiment Procedure: A broadband real time television picture sent to the

ground console provides an input which roughly matches the information rate

of the human operator's visual perception system.

2-17



PERKIN-ELLMER
Report No., 7846

Under the supervision of psychologists and optical scientists, the
opérator performs a series of re-alignments by adjustment of the console
controls. Transport lags of up to fifteen minutes are inserted (cor-
responding to the maximum range for real time TV tramsmission with pre-
sently envisioned optical communications systems) and their effects on

human performance are checked.

Optical Communications Technology Benefit: The experiment is a demon-

stration of one of the special advantages of optical communications.
Successful completion of the series of experiments will greatly increase

confidence in remote optical alignment techniques.

Scientific Value: This experiment is a first attempt to place a man on
earth in eye~and-hand contact with objects in space. The opportunity

to project not merely a human operator, but in effect, any of the world's
leading scientists into a laboratory or observation platform in space

is one of the richest values that space optical communications has to

offer.

Scientific exploration of space will be vastly facilitated especially
in fields like biology and geology where it is difficult to build pre-
programmed automatic laboratories which are able to report unequivocal

regsults over narrow-band communications channels.
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(4) ENGINEERING EXPERIMENT:  OPTICAL HETERODYNE DETECTION IN IHE SATELLITE

Experiment Objective(s): In detecting and tracking the earth beacon, one of

two competing methods of reduction of background noise due to earthshine is to
employ heterodyne detection in the satellite. The other method is the use of a

narrow pre-detection filter.

Onz purpose of this experiment is to develop sufficient engineering experience
with design and operation of a spaceborne heterodyning system so that its feasi-
bility, reliability, performance and cost can be evaluated relative to pre-

detection filter systems which achieve the same purpose.

A second purpose of the experiment is to evaluate the utility of Doppler vel-
ocity measurements made using the Doppler shift of the optical carrier in com-
parison with other methods of obtaining such velocity information, such as
shift of a narrow-band microwave signal and shift of a narrow-band radio fre-

quency intensity modulation on the optical carrier,

Basic Experiment Hardware:

On the Satellite

Samall tracking receiver telescope
Frequency stabilized local oscillator laser
Beam combining optics in receiver
Broadband photodetector, up to 5 kme bandwidth
Broadband amplifier and freguency discriminator
Real time return transmission to ground

On Grouﬁd

High power frequency stabilized laser
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Tracking transmitter telescope for laser beacon

Receiver for vehicle return transmission

Experimental Procedure: Track the earth beacon with the tracking receiver

telescope. Heterodyne signal is sent to freguency discriminator which de-

velops a modulation signal for the return transmission.
Signal-to-noise ratio, tracking performance and frequency shift are recorded.

Form of Data to be Collected: Recordings of return transmission.

Optical Communication Technology Benefits: Halps settle engineering choice of

intensity versus heterodyning systems on vehicle,

Scientific Windfalls: Effects of atmosphere on frequency spectrum of upward-

propagating coherent source measured,
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(5) ENGINEERING EXPERIMENT: OPTICAL HETERODYNING ON EARTH

Experiment Objective(s): Verify theoretical prediction and that signal-to-

noise ratio in heterodyne detection in the atmosphere is limited by the trans-

verse coherence diameter in the atmosphere.

Basic Experiment Hardware:

On the Satellite

Frequency stabilized CW laser boresighted with earth beacon tracker
On Ground

Tracking telescope with aperture variable from about 1 to 24 inches

Frequency stabilized local oscillator laser

Broadband photodetector and amplifier

Signal recording and analysis equipment

Experimental Procedure: The satellite laser tracks the earth beacon and also

transmits signal to the heterodyne receiver telescope. This receiver tracks
the vehicle. The heterodyne signal-to-noise is recorded while the receiver

aperture diameter is varied.

Form of Data to be Collected: Recordings of heterodyne signal with simultaneous

meteorological observation and coherence diameter measurements on starlight.

Optical Communication Technology Benefits: Verifies theoretical predictions

that behavior of laser light is the same as starlight so far as propagation of
transverse coherence is concerned. This verification will help confirm engineer-

ing choice of ground-based detection system.

Scientific Windfalls: Measures transverse coherence progapation in the atmos-

phere under daytime conditions in which the ugse of starlight is difficult.
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(6) ENGINEERING EXPERIMENT: 0.1 ARC-SECOND TRACKING DEMONSTRATION

Experiment Objective(s): This will be an engineering demonstration of angular

tracking using lasers on a satellite in a synchronous orbit. Measurements will
be made of the beam pattern as received on earth of the diffraction-limited
optical system in the space environment. Angular rates due to variations of
the orbital location shall simulate relative angular rates between the earth
tracking station and a deep-space vehicle (refer to Appendix B). Tracking
accuracy shall be measured as a function of SNR. Angular jitter, zero drift,
pointing stability, velocity error, acceleration error, and dynamic range of

control are to be measured.

Basic Experiment Hardware:

On the Satellite

32-inch aperture reflecting telescope
10-uw 6328 A He-Ne laser
20-¢ps transfer lens beam deflector
S-1 PMT receiver for 8400A
4-quadrant detector
Narrow-band filters
Acquisition subsystem
On Ground
0.5 -watt GaAs ground beacon
Four 12-inch aperture reflecting telescopes
Acquisition subsysteg
Neutral density filters

Narrow-band filters
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§-20 PMT receiver for 63282
Point-ahead system

4-quadrant detector

Experiment Procedure: Point the ground beacon to the vicinity of the satellite

and proceed through acquisition operations. On the spacecraft lock onto the
ground beacon. Use a ground station array of 4 telescopes so that the received
signal on the ground can be detected as a function of spacecraft beam deflec-
tion. Use this data in a closed loop procedure (space-earth-space) to‘establish
optimum pointing of the space beam. In order to measure the diffraction limit
capability of the 32-inch optical system in the space environment, vary the
beam angular pointing using a conical scan pattern to determine intemnsity as

received on the ground as a function of pointing angle.

Form of the Data to be Collected: Measure the intensity of the received signal

on the ground when it is unattenuated and then attenuated by the neutral demsity
filters at the ground receiver array. The beam from the 32-inch system is meas-

ured and correlated with scan pattern data sent down by telemetry.

Optical Communication Technology Benefits: The first practical demonstration

of 1/10 arc-second pointing and tracking from the satellite to the earth with
laser beams will reveal the feasibility of future optical communications systems
in space. The ability of maintaining diffraction-limited performance in a large

space-borne telescope is also determined and measured.
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(7) ENGINEERING EXPERIMENT: POINT-AHEAD DEMONSTRATION

Experiment Objective(s): This is a test of the spacecraft point-ahead sub-

system., After locking onto the beam from a ground station, the transmit beam
from the spacecraft must point aheaé by an appropriate angle to intercept the
same ground station, This is due to Bradley effect and transit time effects,.
During the increment of time of tramsit of light, the earth moves in its orbit
around the sun, the spacecraft moves in its trajectory, and the earth spins
about its axis. Therefore, even when the spacecraft 1s receiving the ground
station signal, the transmit signal to that same ground station must be ad-
vanced to the proper angle (point ahead ~_ 36 arc-seconds). This test will
demonstrate the performance of the Point-Ahead Subsystems to step off precise

angles in the necessary direction.

Bagic Experiment Hardware: In addition to all bagic communication gear on both
gsatellite and ground station, a second complete ground station is required lo- |
cated 3 2/3 miles away. This second station (Station D) will transmit at
frequency fp. For this test all computational equipment will be located on

the ground at Station A, The satellite must have the equipment on board to
receive and store commands of point ahead angle and must have an optical beam

displacement subsystem for the transmit beam which will point away from the

received line of sight (LOS) in the necessary direction and amount.

Experiment Procedure: This operation will proceed after the satellite has

locked its receive beam onto the ground station transmitter., The ground sta-
tion sends up the command on its own beacon to move the space-borne transmit

beam ahead (i.e., 36 arc-seconds in azimuth). These angles dre set up about
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a reference for the roytk:\atic‘m of the LOS determined by polarization measure-
ments from A. The satellite transmit beam will be measured and recorded at
Station D. The experiment should be repeated frequently for the various
conditions of day and night operations (satellite time). Space-earth-space
loop closures should be executed for ground measurements of satellite pointing

errors.
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(8) ENGINEERING EXPERIMENT: - S8PACE ~T0 -GROUND ~TO -SPACE 100P CLOSURE

Experiment Objective(s): This is an instrumentation test which will be used

to determine the accuracy of space transmitting beams. Therefore, the objective
of the experiment is to demonstrate the effectiveness of this instrumentation
loop. The utility of the loop at longer ranges (with corresponding increases

in the time delay for the information from the ground to get up to the space-
craft)should be determined. Transport delays of up to 15 minutes can be

simulated,

Bagic Experiment Hardware: (In addition to the complete optical communications
equipment required for both the satellite and the ground station). Ground
station arrays have a receiver system which can be correlated with the orien-
tations of the spaceborne beam. These spatially correlated signals must then
be converted into commands for the satellite beam steering subsystem. Tape

recorders with movable read heads will be used for time delay simulation.

Experiment Procedure: After the satellite has locked onto a ground beam, the

space~earth~-space loop operation is commenced, The receive signals on the
ground are measured and the location of the space-borne beam relative to the
ground station is determined. Once the beam errors are established, they can
be translated into satellite steering commands to reduce these errors towards
zero, The procedure requires simulating the operation of the space-earth-space
loop for variable time delays. The variable time delay subsystem is used on
the ground to simulate these delays. Tape recorders in a run-stop-run mode
can simulate the long time delays (over a minute) while these same tape re-
corders can be used for the shorter duration time delay simulation by varying
the location of the read heads with respect to the write heads.
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(9) ENGINEERING EXPERIMENT: = TRACKING DEMONSTRATION IN THE PRESENCE OF
SPACECRAFT MOTION DISTURBANCES

Experiment Objective(s): Measure the capability of the tracking system to

maintain pointing operations with perturbations of motion present in the three
rotational degrees of freedom of the satellite. The experiment objecti#e is
to demonstrate that motions about each individual axis and combina-

tions of motions (in the range of values that can be anticipated for an instru-

mented deep-space probe and also for a manned deep-space vehicle) will not

cause the tracking performance to deteriorate below a required level.

Basic Experiment Hardware: The equipment aboard the satellite must include

motion disturbance producing devices in the three rotational degrees of free-
dom. 'In addition, angular rate measuring sensors are required to monitor the
motions produced. The motions must be controllable in amplitude, frequency
and/or rise time. In addition to the basic tracking equipment, the three

orthogonal sets of inertia wheels or the reaction jets must be used,

Experiment Procedure: After the optical communication tracker has proceeded

through the acquisition and tracking procedures, and while tracking in space
lock mode and monitoring tracking performance, the external torque disturbances
are introduced into the spacecraft one axis at a time and with varying frequen-
cies at some preset amplitude (harmonic freguency response test). Step inputs
of varying levels are inserted in a similar manner. After single degree of
freedom data on degradation of tracking performance are obtained for these con-

ditions, the tests are repeated for the three axes' disturbances simultaneously.
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Form of the Data to be Collected: Tracking accuracy as msasured on the ground
as a function of amplitude and frequency of the disturbances generated aboard

the vehicle.

Optical Communication Technology Benefits: Practical demonstration of the

tracking system performance in the presence of measured disturbances to the
three rotational axes of the vehicle will permit extrapolation of the data to
permit the design of future manned and unmanned optical communication units.
The data should also permit the measurement of tracking performance during

anticipated vehicle maneuvering operations.
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(10) ENGINEERING EXPERIMENT : SUSPENSION SYSTEMS COMPARISON

Experiment Objective(s): This test should yield comparative performance data

on two promising spacecraft telescope suspension arrangements and &ssociated hard-
ware., The suspension hardware must decouple the telescope line of sight from
motion disturbances present in the spacecraft and yet provide the reaction

base for telescope steering torques.

Basic Experiment Hardware: Instrumentation must be added to the telescope to

measure the amounts of telescope motion disturbances which are originally

generated in the vehicle.

Experiment Procedure: This experiment is performed in conjunction with "Track-

ing Demonstration in the Presence of Spacecraft Motion Disturbances". Instru-
mentation is added to measure the telescope motion responses in the presence
of vehicle disturbances. The procedure is otherwise identical to the afore-

mentioned demonstration.

Form of the Data to be Collected: Angular velocities and accelerations about

the three rotational axes as a function of the vehicle inputs.
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ENGINEERING EXPERIMENT: TRACKING TRANSFER DEMONSTRATION FROM GROUND STATION A
TO GROUND STATION B

Experiment Objective(s): Following the period of time during which the satellite

has been tracking Station A, the optical communication link must be shifted to
Station B (an angular displacement of some known number of arc-seconds). This
demonstration will simulate the condition in deep space when the vehiclé has
locked its receive optical system onto the apparent position of the ground sta-
tion and is now faced with the problem of transferring communication to a dif-

ferent ground station.

Basic Experiment Hardware: In addition to all basic communication gear on both

the satellite and the ground station, a second complete ground station is re-
quired located 4650 feet away (this distance represents 8.2 arc-seconds which,
in turn, represents some 4,000 miles at 108 mile range). While this second
station (Station B) does not have to be exactly 4650 feet away, the exact dis-
tance should be known for future measurements. Station A and Station B will
have ground laser transmitters operating at different frequencies. The space-
craft will have pointing subsystems at each frequency. There will be a space~-
borne transfer arrangement whereby the receiving subsystem can shift from laser

frequency f, to laser frequency fg on command. An additional space-borne sub-

system is required to control the rotatiom about the LOS to an accuracy of .05°.

Experiment Procedure: This is an engineering test to demonstrate the transfer

of communications from ground Station A to Station B (separated.by some known

distance equal to an angular subtense of some 8 arc-seconds). While tracking
Station A is operating at laser frequency ) the transmitter of tracking

Station B is beamed up at its frequency fg. Station B is within the field of
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view. Based upon receipt of the A station polarization, the rotational control
subsystem aboard the spacecraft will operate to control the roll gimbals about

the LOS. Upon receipt of ground station command to change the pointing from
Station A to Station B, the pointing éubsystem will use the Station B incoming
beam as the pointing reference instead of the Station A beam. These tests simulate
the transfer of the deep-space tracking from one ground station to the next. This
is a necessary operation since the earth rotates about its axis and blocks off the

communication path between an earth station and a deep-space vehicle,
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(12) ENGINEERING EXPERIMENT: EARTHSHINE EFFECTS ON ACQUISITION AND TRACKING

Experiment Objective(s): When downlooking, determine the acquisitiona and track-

ing degradation that will take place in the presence of anticipated natural
variations of earthshine., Variations of earthshine that must be evaluated in
terms of acquisition and tracking performance will include conditions of night-
time operations without moonlight (at ground beacon) through the conditions of
high noon sun illumination on adjacent desert areas. Other high albedo con-
ditions should be considered such as water glint, snow fields, high white

scattered clouds or glint from ice particles in clouds.

Bagsic Experiment Hardware: The planned equipment for the optical communications
system aboard the OIS is adequate to gather the data,together with the ground
equipment, rather than adding space-borne gear. The ground equipment would con-
sist of various neutral density filters to attenuate the ground laser beacon so
that the received signal on the satellite can be varied in the presence Of
various situations of earthshine to simulate anticipated conditions of signal and

noise in deep space.

Experiment Procedure: Following the basic acquisition and tracking demonstrations

which would take place at night (no earthshine), the acquisition and tracking
operations would be performed at different tiﬁes of the day and night to in-
troduce the variations of adjacent area 11lumination into the system. Then,
ground beacon signal levels would be reduced to simulate deep-space signal/ .
background noise conditions. Acquisition and tracking performance for the re-

duced signal levels would be evaluated against the nighttime operations.
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For the acquisition approach that utilizes a l-degree field of view, a space-
borne collimator®could be transferred into position so that the effects of a
l-degree star field would be inserted into the down looking beam. Acquisition

procedures are executed and performance measured for this arrangement.

Form of the Data to be Collected: SNR measurements for various signal levels

of the ground beacon are mesasured on the spacecraft in the presence of different
conditions of earthshine at the ground station., The effects on the SNR measure-
ments with the l-degree star field inserted into the main optical beam are

measured.

Optical Communication Technology Benefits: Practical demonstrations of acquisi-

tion and tracking in the presence of the various levels of earthshine.

*#The additional complexity of this collimator in the satellite does not warrant
its inclusion. Therefore, in accordance with discussions held with NASA MSFC,
this collimator will not be included in the Phase II efforts since the data that
would be obtained do not justify the additional equipment.
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(13) ENGINEERING EXPERIMENT: COMMUNICATION AT 107 CPS

Experiment Objective(s): Demonstrate a communication system with a bandwidth

of 10 megacycles and employing either amplitude modulation or polarization
modulation of the laser beam. The light will be video detected in a photo-
multiplier tube (AM) or in a pair of PM tubes (polarization modulation). The

demonstration should confirm the SNR and data error rates predicted by theory.

Basic Experiment Hardware: Optical Communications System

In addition, the following ground facilities will be needed for development

operations prior to space equipment development:

Telescope Correlator (electronic)
Laser Receiver

Modulator Printer

Retroreflector Error recorder

Code generator

Experiment Procedure: The space experiments will produce communication data,

per se, to verify SNR and data error rates. The ground tests will have the
following procedure prior to space hardware freeze:
Modify purchased telescope (12-inch aperture) for coaxial illumination of

distant (10 n.m., unfolded path length - 20 n.m.) retroreflector.

Procure hardware for 10-megacycle (5-megacycle information bandwidth) band-

width system.

Send binary data so that bit error rates can be recorded automatically.
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Modify code characteristic so that information rate can be controlled in opti-
mum manner while maintaining 10-megacycle bandwidth.

Adjust geometric loss in transmission to simulate communication at various
ranges in space where geometric loss is the only loss mechanism. Also adjust

range to include effects of 1 atmosphere for absorption measurements.

Form of the Data to be Collected:

Analog tapes before decoding
Digital tapes after decoding
Radiometric data

Meteorologic data.

Optical Communication Technology Benefits:

Reduction to practice of a communications system which is categorically genergl
and probably optimum. The resulting data will assist in predicting tracking
system performance. The system lends itself to adaptive control of the coding
characteristic to suit the error rate. For example, critical information would
be held to low data rates whilé less critical data would use the higher rates.
Thus, as the signal-to-noise ratio drops off due to increased noise or increased
distance, the most important data are preserved since they are coming through

the system at the lower data rate.
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2.8 RECOMMENDATION ON THE APERTURE DIAMETER FOR THE OPTICAL
TECHNOLOGY SATELLITE

The factor which most significantly affects the payload volume
for the satellite is the size of the basic telescope primary mirror. A 32-
inch diameter system is indicated in numerous sections of this report and
the configuration indicated on the frontispiece illustrates a general arrange~
ment for a satellite which contains two telescopes of this size. Admittedly,
at this time in the program, there is a considerable amount of judgment in~-

volved in the identification of a payload of this size.

The question of aperture diameter can be approached from two bounds,
.i.e., by considering both larger én& smaller systems. From the optical tech~
nology point of view, the larger the diameter of the primary system the greater
will be the usefulness of the experimental data in determining the performance
limits for future generations of astronomical instruments and reconnaissance
systems, However, the constraint that is imposed is the ''state of the art"
capability of the instrument makers of today., Large optical systems can be
manufactured, but, the techniques of manufacturing large diffraction-limited
optical systems in gizes much greater than the recommended size are on tenuous
grounds. Yet, future space-borne optical systems for laser communications,
planetary reconnaissance or astronomical observations will need the diffraction-
limited performance (ﬁhich can only be utilized to advantage in the large di-
ameters when.in space). Therefore, the question can be1ask§d,..."What is ﬁhe
largest aperture diffraction-limited system which is within the "state of the
art"? The answer to this question is that a space worthy optical system could
be figured and utilized in the size range of 36 to 50 inches in diameter. Thus,

an upper bound for the optical systemdiameter is available to guide our judgment,
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The answer to the question of the lower bound is a more difficult
problem. As the diameter of the optical system is decreased, the technical
interest level for the reconnaissance and astronomical groups likewise de-
creases. For a laser communication system, the decrease in aperture diameter
lowers the available bandwidth of the channel. On the other hand, the decrease
in primary mirror diameter has a marked effect on the weight and volume of the
laser communication system. A decrease in diameter by a factor of two would
cause a weight decrease of about eight in the primary mirror. There would be
significant decreases in the weight of the overall paylocad as the primary diam-
eter and weight decrease. Now, it can be observed that the requirement of a
mission for an operational laser communication system may actually increase if
size and weight are decreased at the expense of bandwidth. The channel capacity
of a laser communication system must be evaluated with respect to the weight,
volume, complexity, cost and power for a particular mission. At this point in -
the project efforts, we cannot predict these trades. However, for the Optical
Technology Satellite, we have based our analysis on the 32-inch aperture as the
size to proceed with for the experiments, since it can provide a bandwidth which
i8 the upper extreme of mission needs known to us. This bandwidth is 107 bits/

second.

A further justification for the 32-inch aperture choice is that

this size system would identify clearly the nature of the difficult engineer-

ing problems.

As a corollary, we do not recommend the inclusion of additional

small aperture communicators despite the knowledge that the smaller size may
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better satisfy present mission needs. The scientific and engineering experi-
ments which we recommend will provide the basis for scaling the systems down-

ward in size.
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SECTION II1

ATMOSPHERIC EXPERIMENTS DISCUSSION

3.1 CHARACTERIZING THE TRANSMISSION CHANNEL IN
SPACE-TO-EARTH OPTICAL COMMUNICATIONS THROUGH
THE ATMOSPHERE
The material which follows presents the considerations bearing on

the recommended science experiments (1).and (2) and engineering experiments

(4) and (5).

A laser beam traversing the earth's atmosphere suffers various
disturbances which will be described in some detail in the next section. A
basic problem inherent in the study of laser beam propagation through the
atmosphere is the characterization and evaluation of these various disturbances

in a generalized model of a nonreciprocal channel.

If suitable models for the atmosphere could be found, then
attention could be focused on the design of optimal encoders and decoders as
well as optical signals to insure that the transmission disturbance effects are
minimized. Refer to Figure 3-~1 for a sketch of a generalized optical com-

munication link.

I1f the case of laser transmission from space to earth is similar
to starlight transmission, then the wealth of astronomical data already accumu-
lated over the years on atmospheric visibility can be brought to bear on the
problem. Oqe of the purposes of the scientific experiments is to see if indeed

this correlation exists, and also to gather additional new data on two-way laser

beam propagation between earth and deep space.
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deleterious effects of atmospheric turbulence on laser beam propagation for

the up-looking link it will be assumed that laser light behaves in a manner

similar to starlight.

Additive disturbances will also be present in the output of the

communication link, even in the absence of a desired input signal, and they

may be caused by a wide variety of sources. The following noise sources

will be discussed in Section 3.3:

(1) Background - photon noise, thermal noise

(2) Background - source fluctuations

(3) Detector noise.

Finally, combining the signal disturbances and additional noise

sources allows one to assess the relative merits of various optical detection

systems.
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3.2 LASER SIGNAL PERTURBATIONS
As mentioned in Section 3.1, a laser signal suffers various forms
of degradation as it passes through a communication channel. Attention in

this discussion will be given to the earth reception link.

The following signal perturbations or changes will be discussed in

some detail.
(1) Atmospheric absorption, Rayleigh and Mie
scattering

(2) Intensity fluctuations of laser beam due to

atmospheric turbulence

(3) Angle of arrival fluctuations of laser beam -
steady state refraction effects, dynamic re-

fraction effects
(4) Loss of lateral coherence
(5) Loss of polarization
(6) Polarization rotation
(7) Antenna diffraction pattern
(8) Doppler frequency shift
(9) sSignal photon noise

(10) Anomalous dispersion.

Atmospheric Absorption, Rayleigh and Mie Scattering?’4 - Scattering and absorb-

ing smoke, sﬁog, dust, salt particles, pollen, haze, and tenuous ice and water
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droplet clouds are widely distributed throughout the troposphere even when the
sky is, meteorologically speaking, clear. Tables of attenuation of visible and
infrared radiation under model ''clear standard atmospheric'" conditions are avail-
able.4 These tables are useful because of the spectral and altitude ranges
covered and the inclusion of realistic aerosol distributions. Both Rayleigh
(molecular) and aerosol attenuation coefficients are tabulated. For example,

at 0.7y the Rayleigh coefficient is 8.157 x 10_3 km_1 and the aerosol coefficient
is 1.50 x ].0-1 at the surface level. This is based upon aerosol concentration
measurements under or adjusted to conditions when visibility is 20.25 kilometers.
Therefore, at least in the lower atmosphere, the clear air attenuation is much

more sensitive to particulate than molecular concentration, especially since

molecular concentration is relatively constant at any given level.

Long (Reference 5, pages 859-860) has specified gaseous attenuation
at ruby wavelengths in an analysis of attenuation versus wavelengh over the
probable operational bandwidth (as controlled by temperature) of this type of
laser. Several atmospheric absorption bands due to oxygen and water vapor have

been noted.

Ligda3 has suggested that when it becomes possible to construct
practical filters with a bandpass of a fraction of an angstrom, attenﬁion may
focus on exploitation of a solar absorption line with attendant noise reduction.
One strong (55 percent) absorption line a few tenths of an angstrom wide due to
iron in the solar atmosphere lies at about 0.6945. (close to a laser ruby wave-

length).

Transmission through the atmosphere versus wavelength and zenith

angle is shown in Table 3-1. This information6 includes the effects of
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molecular scattering, water vapor, ozone absorption, and dust in fairly

clear conditions for a normal atmosphere.

along an extended path.

dense smoke plumes and dust concentration.

Clouds and fog present the most serious attenuation factors

This degradation may even be exceeded by localized

TABLE 3-1

FRACTIONAL TRANSMISSION THROUGH ATMOSPHERE VERSUS

WAVELENGTH AND ZENITH ANGLE

Wavelength

Zenith Angle in Degrees

in Angstroms 90 85 80 60 0
3000 3.16 x 10777 | 3.99x 10721 | 1.13x 107 | 1.23x 10™* | o110
4000 2.58 x 107 | 8.32 x 1073 .0760 .400 .630
5000 1.59 x 10 .0913 .276 .633 .795
6000 2.19 x 107 .166 .382 .710 . 844
7000 .0313 384 .600 .835 911
L 8000 .0872 .512 .698 .882 .939
9000 .147 .590 .55 .906 .952 é
10,000 .336 .650 .79 .923 .961 %

Clouds range tremendously in thickness and particle concentration.

The cloud cover problem must be anticipated for an earth/deep space laser

communication system,

observability and number of earth receiving stations must be carefully studied

The tradeoffs between probability of deep-space-vehicle

from a logistics and economic pdint of view. Factors such as longitude and
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latitude of earth sites, longitude coverage, statistical mean number of days
per month that cloud cover over a station is less than or equal to some pre-
scribed threshold must be evaluated. Data from Tiros and Nimbus cloud cover

pictures should also provide insight to the problem,

Precipitation away from clouds may not seriously attenuate a laser
beam if there is a relatively low concentration of drops per unit volume. Snow
probably attenuates more than rain because of the larger particle size and

lower forward scattering factor.

It is felt that both Rayleigh and Mie scattering cause transmis-
sion loss which is a very slowly varying function of wavelength, so that they
are not likely to be different for laser beams than for ordinary light because

of the laser's monochromaticity.

However, when considering scattering of a laser beam as opposed
to scattering of starlight, the finite dimensions of the laser beam wavefront
must be considered., This differs from the astronomical case where the wave-
front from a star is of infinite extent. In the latter case, there is essen-
tially the same amount of light scattered into the receiving aperture as there
is scattered out, whereas for the finite diameter beam there is a greater out-

ward loss.

It is believed that both forward and backward scattering effects

will not be significantly different for laser beams than for other collimated

I4

beams.
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The aforementioned scattering effects can probably be predicted
adequately for laser beams from known data. Therefore, unless gross anomalies
in the scatter effects attendant on absorption measurements are discovered,

we do not intend to study them explicitly as part of the OIS program.

Analysis of Image Degradation Due to Atmospheric Turbulence - It has been well

established by various research workers in the field of atmospheric turbulence
that the effect of turbulence on astronomical "seeing' is a serious problem.7’8
Turbulence in the atmosphere between a point object and an optical imaging
system causes the image of that point object to be degraded in various ways.
The image will fluctuate randomly in sharpness (image blur), intensity

(scintillation), and position (angle of arrival fluctuations).

Turbulence in the atmosphere, especially near the earth's surface,
can also severely limit the performance of laser optical communications systems.
The disturbance causes local variations in the refractive index of the air in.
the form of blobs or "turbulons." These turbulons move with the wind and
give rise to the aforementioned phenomenon of scintillation and angle of arrival
jitter. In addition, there exist random phase differences among the light
wavefronts in various parts of the receiving telescope aperture due to

turbulence.

It has been demonstrated from various theoretical and experimental
investigations that, as the diameter of a receiving aperture increases, the
magnitude of intensity fluctuations decreases. With a decrease in diameter

of a receiving aperture there is a shift of scintillation frequency to

higher values.
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It has been postulated that scintillation is due primarily to
turbulent atmospheric elements at some distance from the observer as opposed
to image dancing and pulsation which are due to turbulent elements closer
to the observer. From high-altitude experimental flights it has been noted
that scintillation is highly correlated with winds near the tropopause and
that scintillation frequency is a function of wind velocity near the tropopause

and of turbulon size.

A list of the pertinent atmospheric environmental factors appears
below. Refer to Figure 3-2 for a sketch of the turbulent effects encountered
at various altitudes above the earth.9 Figure 3-3 shows a sketch of the steps
necessary to give a quantitative analysis of image degradation due to atmos-

pheric turbulence.

Scintillation is also dependent upon the time of day. A maximum

of scintillation occurs at noon; a minimum near sunset and sunrise. A secondary

maximum which is substantially less than the daytime case occurs at night.

Seeing also shows fluctuations with weather systems. The poorest seeing usually

occurs during cyclone (low) conditionms.

Environmental Parameters -

(1) Seeing conditions - seeing disc diameter
(2) Index of refraction correlation function
(3) Atmospheric structure function

(4) Inner and outer scale lengths of turbulence
(5) Shadow band pattern

(6) Temperature gradients,
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TROPOPAUSE 15-20KM (HIGH FREQUENCY SCINTILLATION)
LL/U_LJ
——e. Turbulence Carried

Thin Layer, Scintillation
by Winds

INVERSION LAYER (4 1-10KM (SOMETIMES LOWER)
p—

Turbulent Mixing of

Defocussing, Dancing
Layers

Large Turbulent Convection Cells

1-2KM Vertical

2-6KM Horizontal

Wind Forces (All Levels)

&\_&i/ Occasional Buoyant Levels
N “
A

i . Buoyancy Acting on Thermal Turbulence

Thermal Turbulence Near Ground

(Image Jitter)
NV 8

Figure3-2. Turbulent Effects Encountered at Various Altitudes
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Quantitative Analysis of
Image Degradation Due to
Atmospheric Turbulence

Measure of
Image Degradation
Y
Modulation Transfer Function
RMS Image Motion
Angle of Arrival Flucutuations

Intensity Fluctuations
Phase Fluctuations

Y

Statistical Properties of Light
Entering Imaging System

\

Relationship of Statistical Properties
of Light to Statistical Properties -
of the Atmosphere

Y

Estimation of Turbulent Properties
of Atmosphere

Figure 3-3. Quantitative Analysis of Image Degradation
Due to Atmospheric Turbulence
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Pressure, humidity, air density

Wind ﬁelocity, shear, Richardson number
Season, time of day

Observer altitude

Terrain

Lapse rate, gravity waves.

Sources of Poor Seeing - The following list of four sources of poor seeing

will establish the envirommental conditions under which an earth-based observa-~

tory may have to work:

¢y

(2)

3

(4)

Turbulence caused by convection currents -
daytime phenomenon - can occur at night in

poorly chosen locations.

Winds give rise to turbulence near the surface

of the ground - day or night phenomenon.

Strong temperature inversion and motion of air.
Wavelike turbulence exists at the interface

of two air masses.

Turbulence caused by air moving past an obstacle

such as an observatory dome.

Intensity Fluctations of Laser Beam Due to Atmospheric Turbulence - (Science

Experiment 1) - The temporal variations in light intensity (scintillation) due

to atmospheric turbulence cause effects analogous to rapid fading in radio

channels. Since the 0TS communication channel is polychromatic, i.e., it

3-11



PERKIN-EL.MER ‘ Report No. 7846

contains information bearing sidebands, it is necessary to consider the effect
of atmospheric turbulence on the sideband transmission. The primary effects
result from the fact that the random intensity and wavefront variations due

to atmospheric turbulence are frequency dependent.

If the optical index of refraction of air depends on the intensity
of the transmitted light, then the above effects will be non-linear, relative

to the propagated light intensity.

Some initial work has been done at Perkin~Elmer in improving
a theory as given by Tatarski.7 It is known that intensity modulation of
épproximately 100 percent can and often does occur for polychromatic light
(stars) and that the modulation can be even greater for highly monochromatic
light (Reference 7, pages 256-257). Thhs, scintillation is highly signifi-

cant. The scintillation power spectrum extends to 500 ¢ps and beyond.

One can expect significant selective fading under certain con-
ditions for the following reasons: For non-zenith light paths atmospheric
dispersion will cause the rays to traverse different regions of the atmos-
phere and, hence, to be statistically partially independent. For normal
starlight this effect is observed for AN = 10004, (e.g., red-yellbw—green-
blue twinkling of stars) in which the refractive index differs only by a few
parts in 106. For laser light a similar index change can be observed over a
&N = 014, if one operates near a narrow atmospheric absorption resonance

line.

These deleterious effects can influence the channel capacity of

a modulated laser beam.
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Science experiment (1), page 2-11, has as its goal the meas-
measurement of the amplitude and frequency distribution of light intensity
from a coherent source as sensed after passing through the whole atmosphere.
The data obtained from this experiment will be useful for predicting
anticipated noise levels and in establishing maximum useful aperture size for

the OTS system.

Angle of Arrival Fluctuations of Laser Beam - Steady State Refraction Effects -

A light ray traveling between earth and a spacecraft will be deflected
through a slight angle because of atmospheric refraction. Refer to Figure 3-4.

This effect has long been studied by astronomers since it produces a discrepancy

Apparent

Position of

Spacecraft
7N\

Zenith

)
Apparent //,/)‘“
Zenith Distance -

P
~

’/kefrac;ion Angle

)

L

Spacecraft

Ground
Station

Figure 3-4. Atmospheric Refraction Displaces True
Angular Position of Spacecraft
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between the apparent and the true position of stars. Table 3-2(taken from
Reference 10, page 453) shows that the angular difference between the apparent
and true zenith distances of a star is strongly dependent on how far off the
‘zenith one is looking:; At the zenith no refraction takes place, while at the
horizon the refraction angle exceeds 30 arc-minutes. The magnitude of the re-
fractive error can be seen to increase very rapidly as a zenith angle of 90

degrees is approached.

TABLE 3-2

REFRACTION ANGLE VERSUS APPARENT ZENITH ANGLE

i
4
4

L

|

Apparent Zenith Refraction Angle Apparent Zenith Refraction>Angle
_Angle (Degrees) (Minutes & Seconds of Arc) | Angle (Degrees) | (Minutes & Seconds of Arcy
| 0 o 0.0 70 | 2 35.7
5 0 5.0 75 3 30.0
; 10 2 0 10.1 80 5 13.1
15 0 15.3 81 5 46.0

5 20 0 20.8 82 6 26.0

| 25 0 26.7 83 7 15.0
30 0 33.0 84 8 19.0
35 0 35.7 85 9 40.0

| 40 0 47.9 86 11 31.0
45 0 57.1 87 14 7.0
50 1 8.0 88 17 55.0
55 1 21.4 89 23 53.0
60 _ 1 38.7 90 33 51.0
65 2 1.9
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Since the index of refraction of air depends directly upon its
density, it is pressure and temperature dependent and tends to decrease
with increasing altitude. Extremes of atmospheric temperature and barometric
pressure occurring at a ground station in the arctic versus one in the desert
could cause a difference of roughly 50 percent between the minimum and
maximum values of the refraction angle observed for a given zenith distance.

Exact analytical expressionsll’12

have been derived relating refraction angle

to zenith distance but these cannot be numerically evaluated until a density
versus altitude profile has been specified. The density profile may be derived
from one of several standard atmospheres or, for very accurate work, must be
computed from experimental data obtained at the observing site, such as that
obtained by weather balloons. However, astronomers using single air temperature
and pressure measurements made at the observing site, together with semi-
empirical formulas, can predict the refraction angle to within a second of arc
at zenith distances up to 75 degrees.13 If this degree of accuracy is indeed
sufficient (for acquisition purposes), it eliminates the need for the extra

work required to experimentally determine the local density versus altitude

profile.

Only during acquisition at the transmitting ground station is it
necessary to know accurately the refractive error at a given pointing
direction. 1Initially, the position of the spacecraft in the sky is known to
within a certain angular uncertainty as a consequence of the uncertainty in
thé computed trajectory. The earth transmitter must either floodlight or
sweep out this area of uncertainty with repeated transmissions to locate the
spacecraft and initiate 2 response. Any uncertainty in the transmitted beam
direction which remains after the correction for refraction angle has been
made will increase the uncertainty in intercepting the spacecraft and will

lengthen operating time prior to communications.
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As a simple illustration, consider the following problem. It is
anticipated that the spacecraft position ét any time can be predicted from tra-
jectory measurements performed early in flight to within .001 degree (4.0 arc~
seconds) . This means that the spacecraft is known to be somewhere within a
square '"window" in the sky 4.0 arc-seconds on a side. Assume that after pas-
sing through the earth's atmosphere the transmitted beam from earth has a di-
vergence of 3 arc-seconds., In order to guarantee striking the spacecraft, it
is necessary to cover completely the 4.0-arc-second square window. This re-
quires four transmissions with the 3.0-arc-second diameter beam (See Figure
3-5). However, if the instantaneous uncertainty in the transmitted beam direc-
tion is restricted to even 1.0 arc-second, in any direction, thirty-six trans-
missions are required. (Since the uncertainty in diffraction angles lies in the
zenith direction only, rather than in all directions equally, the actual number
of transmissions would be less than thirty-six). Obviously, it will be easiest
to acquire the spacecraft when it is directly above the observing site where
the refraction angle is zero. A careful analysis of this problem would con-
sider the probability of establishing communications in view of such factors
as type of search patterm, probability distribution of beam positién, and pro-

bability distribution of spacecraft position,

Once acquisition is complete, correction for refraction angle is
not required during tracking. The ground base telescope is locked on to the
apparent position of the spacecraft during tracking and the light being trans-

‘mitted from earth is aimed back close to the image of the spacecraft. It,
therefore, emerges from the atmosphere refracted through nearly the same angle

as the received beam from the spacecraft, and the refraction error is cancelled,.
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Figure 3-5. Number of Uplooking Transmissions to Acquire
Spacecraft Depends on Uncertainty in Beam Position
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Only at pointing directions close to the horizon at maximum lead angle might

a refraction angle correction be conceivably required. For example, in order

to accommodate the change in spacecraft position during the 18-minute round

trip transit time at a distance of 108 miles, the ground transmitter may have

to point ahead by as much as 30 arc-seconds. A change in zenith distance of

this magnitude will cause a refraction angle change of 1 arc-second or more

for zenith distances exceeding about 85 degrees. It is, however, highly un-
likely that tracking will ever be maintained this close to the horizon because

of the excessive signal attenuation due to the high scatter and absorption caused

by the long light path.

Atmospheric refraction produces some slight lateral shift in the
position of the beam received from the spacecraft. For example, at a zenith
distance of 60 degrees the refraction of 100 arc-seconds shifts the beam spot
along the ground by about 20 meters, which is negligible compared to an expected

spot diameter of 40 miles,

Angle of Arrival Fluctuations of Laser Beam - Dynamic Refraction Effects -

This section will deal with the determination of the angle of arrival fluctua-~
tions of the laser beam due to atmospheric turbulence and the dependence of

these fluctuations on various system parameters.

Hufnagel14 has shown that the rms one-dimensional position devia-
tion (at the image plane) of the instantaneous center of gravity of the image
of a point is given approximately by:

1/2
T2 sy
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where <f82>> is a function describing the random optical path length fluctua-

tions between the object and the image forming system;

focal length of the receiver optical system;

rx
i

o
I

aperture diameter of the image forming system.
The total rms deviation in two dimensions is Wfi a.

The function <<SZ(P)> is the mean squared value of the fluctua-
tion of the difference in optical path lengths as measured along straight
lines from the object to two points in the entrance pupil which are separated
by a distance P. <sz(P)>v can be expressed in terms of the statistics of the
intervening index of refraction. The pertinent statistic is the atmospheric
structure function or mean squared fluctuation of the difference in index of
refraction at two points separated by a fixed distance at an average dis-
tance from the imaging system. The structure function in turn can be related
to the structure constant and inner scale length of turbulence and local meteoro-
logical conditions. These parameters which can be computed from empirical data,
are averages and considerable departures may occur in individual situations,
especially near atmospheric inversion layer boundaries. It should be noted
that there is a rapid decrease in structure constant and a rapid increase in
inner scale length at altitudes above a few kilometers.14 This is caused mostly

by the decreased atmospheric density at these elevations.

For earth-based slant path viewing of a far extra-atmospheric object
(plane-wave source) it can be shown that the rms image jitter O /F is approximately

equal to:U+
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g o~ l.3x 10> Vsec 6 cadians
- oL/6

r

where D is expressed in cm and 8 is the zenith angle.

Refer to Table 3-3 for bounds on the rms angular jitter (angle
of arri{val fluctuations) under average seeing conditions for various zenith
angles. It is assumed that diffraction-limited optics are employed and that

the wavdength, A\, of the laser source is equal to 6328A,

It is important to realize that the above considerations on

angular fluctuations are used only for the approximate evaluation of the earth

reception laser communication link case.

TABLE 3-3

RMS ANGLE OF ARRIVAL FLUCTUATIONS VERSUS
ZENITH ANGLE © AND RECEIVING APERTURE DIAMETER

Diffraction Limited
i Beamwidth (Arc-Seconds) 1.0 0.1
; Receiving Aperture
! Diameter (Meters) 0.131 1.31 ,
| Zenith Angle © T |
in (Degrees) RMS Angular Jitter F (Arc-Seconds)
{ 0 1.75 0.76
30 1.88 0.82
45 2.08 0.91
60 2.45 1.08
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Starlight and laser light differ to the extent that laser light is
essentially monochromatic, while starlight is not. Also, the laser beam has a
wavefront with finite dimensions. This differs from the astronomical case

where the wavefront from a star is of infinite extent.

It is also interesting to note that the angular jitter for view-
ing through the entire atmosphere will be larger than that encountered from
mountain top observatories, so that the data in Table 3-3 are "conservative"

in this sense.

It will be useful to evaluate the crosscorrelation between
scintillation and angle of arrival fluctuations and their influence on
optical communications and tracking performance. Science experiment (1), page
2-11 covers this area of interest. It will provide the first opportunity to
compare the scintillations of laser light with those of starlight and thus
check the applicability of astronomical data to the laser communications

problem.

Loss of Lateral Coherence - Another optical signal perturbation which is

caused by atmospheric turbulence is the loss of lateral coherence. This
effect has been shown by Hufnagel15 to be similar to the degrading effect of

blur in an image forming system.

The average lateral spatial coherence M(p) as given in Reference 15

is:

M(p) = exp | - _%? <[S(P)]2>
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where p is the lateral separation distance;

k is wave number = 2x/A; A = wavelength; énd

2
<:[ S(p).] >>is a function describing the random optical
path length fluctuations between the object and the receiver

system.

Figure 3-6 is a plot of the coherence M(p) computed from 0.5u
collimated laser light transmitted vertically downward through the whole

average earth turbulent atmosphere.

For this case <:!:S(p)] : :)

Some measure of the loss of lateral coherence will be obtained from science

5/3
2 x 10 1op (cm?).

iR

experiment (1) by comparing reception with varying receiver aperture diameters.

Loss of Polarization -~ The contemplated OTS communication system and a possible

alignment system depend upon the polarization of the laser beam. It is, there-
fore, well to consider if the whole atmosphere will cause any significant loss

and change of polarization.

The degree and the direction of polarization of a laser beam can
be investigated with 5 rotating polarizer. Important polarization parameters
such as the phase difference, the polarization azimuth, and the degree of polari-
zation can be measured using an analyzer assembly mounted in the path of the
laser beam. Intensity information can also be measured photoelectrically. With
the use of a quarter-wave plate the same parameters can be investigated for cir-
cularly polarized light. All of this information is of scientific as well as

engineering interest. Refer to the summary of science experiment(2).
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Note: M(p) is computed for 0.5y collimated
Laser light transmitted vertically
through one earth's average daytime
turbulent atmosphere, but ignoring

the inner scale of the turbulence.

1l cm 2 cm 3 cm

Separation Distance, p

Figure 3-6. Average Spatial Coherence Versus Lateral Separation Distance
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Since the atmosphere has a near-zero shear modulus* it causes
near-zero changes in the pblarization state of transmitted light., In recent
years the sun's magnetic field has been inferred from the polarization of
light originating in sunspots. The axis of the inferred field 1s closely
aligned with the rotational axis of the sun. Also, galactic fields have been
inferred from starlight. These -data would tend to indicate that the atmosphere
produces only slight changes (if any) in the polarization state of transmitted,

partially polarized, incoherent light.

One possible source of polarization loss might be the orientation
of anisotropic particles in a preferred direction by wind or gravity. Such a

phenomenon might be discovered and be of interest.

Polarization Rotation -~ The Faraday rotation of the plane of polarization by
16

the earth's magnetic field can be computed as follows:
a = pt Hcos @
where « is the angle of rotation in arc-minutes;

p is the Verdet's constant for the atmosphere = 6.83 x 10-6 arc~-minutes

at a pressure of 1 atmosphere and temperature of 0°C;
t is the thickness of the atmosphere taken as 106 cm;
H is the earth's magnetic field in gauss = 0.4 gauss;

@ is the angle between the light path and the earth's magnetic field,

taken as 60 degrees.

< .
The ratio of shearing stress to shearing strain.
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Therefore, the Faraday rotation a is approximately 1 arc-minute.
This rotation of the plane of polarization should cause little disturbance in

the envisioned optical alignment system for the OTS. Refer to the summary of

science experiment (2).

Antenna Diffraction Pattern - At an earth-based receiver terminal the diffrac-

tion pattern of the space vehicle transmitter will appear to have a moving

fine structure (intensity fading) which will be determined in part by thé
structure of the atmosphere and by the aperture size of the space vehicle laser
transmitter. This fading phenomenon, similar to scintillation, is another
factor that degrades optical communication. This effect is studied in science

experiment (1) and englneering experiment (13).

The OTS pointing system will attempt to keep the diffraction
pattern centered on the receiver telescope to within the free-space nominal
beamwidth requirement. However, intensity fading may still result, due to

the perturbations of the position of the diffraction pattern within this

allowed limit.

Anomalous Dispersion - The gases composing the atmosphere exhibit anomalous
dispersion in the vicinity of an absorption line. In this region, the index

of refraction and absorption vary rapidly with frequency. The index of refrac-
tion is associated with the phase or time delay of the received wave and absorp-
tion is associated with the amplitude. An analogy may be drawn between the
anomalous dispersion, absorption of the atmosphere, and an electronic narrow-
band rejection filter. The existence of anomalous dispersion will cause some
frequency components to be delayed more than others and the absorption will
cause some components to be attenuated or missing completely; the resultant

signal will .thus be frequency deficient and scrambled.
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The index of refraction also varies with altitude since the con-
centration of the various gases composing the atmosphere, the temperature,
pressure, and ionizing radiation vary with altitude. The relative concentra-
tions of specific atmospheric constituents,.such as the water and carbon dioxide,
that are primarily responsible for the absorption lines of interest wvaries
more rapidly than the average density of the atmosphere. A laser beam that
is not perpendicular to the stratified atmosphere will be bent by the gradient
of the refractive index with respect to altitude. 1In addition, since anomalous
dispersion causes the index of refraction tovary with frequency, the degree
of bending will also vary with frequency. The differential bending with

frequency is analogous to chromatic aberration in optics.

Normally, one might try not to operate a laser near one of these
absorption lines. However, there are many lines, closely spéced, so that a
moderate change in the laser's apparent frequency, such as those caused by
Doppler shifts, could cause the light beams and absorption frequencies to
coincide. If frequency coincidence already occurs, small frequency shifts
will perturb the actual distortion causing the signal distortion to be time-
dependent. These relative frequency shifts may arise from the relative motion
of the vehicle or earth to the atmosphere. The former includes Doppler and
relativistic frequency shifts; the latter absorption shifts are caused by

atmospheric motion, Zeeman effect and Fizeau-Fresnel drag.

As an example of atmospheric dispersive effects, consider a one-
nanosecond pulse of one-micron laser light. This laser pulse duration yields side-

bands extending beyond one glgacycle per second about each side of the laser center

frequency. For air at one atmosphere, the average refractive index is N = 1.0003.
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For a typical absorption line, the refractive index may vary by AN = 3 x 10“5

over a frequency difference of about one gigacycle per second. Refer to
Figure 3-~7 for the variation of refractive index of a typical weak absorption
line., If the laser signal and atmospheric absorption frequencies coincide,
anomalous dispersion could cause the frequency components of the laser pulse,
which are spread over more than one gigacycle per second, to experience time
delays differing by At = AN = = 0.8 nanoseconds; where L = 8 kilometers
is the scale height of the atmosphere and C the velocity of light. Thus,
anomalous dispersion in the atmosphere could easily cause the pulse width to

be approximately doubled.

o O O O

An x 106

- R(2) HC13? R2) mC13?

i | ll _J. i { ll i
5,725 5,724 5,723 5,722 5,721 5,720 5,719 5,718

v (em™ 1)

Figure 3-7. Lines R(2) of the 2-0 Bands of HCl35 and

HCl37 at Two Gas Pressures
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For communications purposes in the OTS program, it is unlikely
that pulse widths smaller‘than 50 nanoseconds will be used. Commensurate.
bandwidths will naturally be employed. Thus, the effects of anomalous dis-
persion will be negligible and almost impossible to detect. There may be
some other effects, but these must be several orders of magnitude greater
than the largest effect anticipated from anomalous dispersion, as indicated

by the discussion in Appendix E.

Doppler Frequency Shift - Since optical heterodyne detection is a candidate

for the spacecraft reception technique (refer to engineering experiment (4)),
it is important to consider the sources and magnitude of Doppler frequency
shifts., For a low orbit, considerable Doppler shifts (of the order of giga-
cycles) may occur, and they will occur rapidly. In a deep-space mission
there also may be considerable Doppler frequency shifts, but they occur very

slowly.

The Optical Technology Satellite will be placed in a synchronous
orbit in which the maximum north-south angular rate will be approximately 7.5
x 1072 radians per second relative to the earth terminal. Thus, there is no

important Doppler shift to be expected on the OTS program.

Signal Photon Noise - The maximum information capacity of the OTS communication

link, or any deep-space laser communication link, is limited ultimately by the
mean number of signal quanta (photo-electrons) received per second.17 R. Clark
Jones (Reference 18, pages 493-501) has shown that for the case of non-degenerate
(incoherent) light the maximum information carried by a photon is one bit, pro-
vided that the a priori probability of the shutter being open at the transmitter

is one-half. Jones' theory with some modifications may also be applied to

laser light.
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For a communication system using polarization to mark the binary
"one" or '"zero" the maximum information capacity of the photon is also one

bit for a priori equally likely markings.¥

For a deep-space communication channel, there will be a high-
transmitted power density and, therefore, a large number of photons per
transmitted bit. At the receiver there will be only a few photons to carry
the information due to the attendant geometric loss., There will be even fewer
photoelectrons (received signal quanta) because the quantum efficienéy of a
practical photomultiplier is less than unity. There may be, in addition,
statistical fluctuations in the quantum efficiency. There is some
probability, therefore, that no signal photons will be received at all or
that the received background photons will greatly exceed the signal photons.

The attendant loss of information is termed signal photon "noise'.

In a microwave (or lower frequency) communications channel, signal
photon noise is usually small compared with the thermal and Johnson noise.
Signal photon noise, however, predominates for an optical communication link

because hv >> kT.

All of the above signal perturbations must be considered in the

design of a deep-space communications link.

*

For the noiseless case it is possible to send log, 3 = 1.585 bits per photon
using the following scheme. Let there be three code symbols (a,, a,p, ag’)

with equal a priori probability of transmission (1/3). Let the receiver consist
of an analyzer and two photomultipliers. The analyzer will send a left
circularly polarized photon into the "left'" channel and a right circularly
polarized photon into the "right" channel. If code symbol a, is to be
transmitted, the transmitter closes its shutter. For transmission of a_, a
right circularly polarized photon is sent with some probability less thgn

unity; similarly for ag.

Then the maximum a t i
paity; Sinilar mount of information per photon
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It is possible to classify sky background noise in two ways:

¢9)

(2)

External background noise arising from extended

sources which will fill the receiver beam;

External background noise arising from small

sources which do not fill the receiver beam.

It is necessary, considering these two background noise factors, to

know the magnitude and spectral distribution of flux incident upon a detector

from background sources. The following types of background will be considered

in the order indicated:

)
@
3)
@)
)
)

Sun

Moon

Earth

Other planets
The day sky

The night sky.

The Sun - The irradiance of the sun just outside the earth's atmosphere is

2 ,
1390 watts/m“, and its spectral distribution at the earth's surface is modified

by the transmittance of the atmosphere.

Sunlight Reflected from Moon, Earth, and Other Planents - The spectral distri-

bution of reflected sunlight is. identical to that of sunlight only if the

reflectance of the object is independent of wavelength. This appears to be

a fair approximation for several cases.
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The Moon - The lunar irradiance of the full moon is approximately 1/465,000

3 watts/m2 just outside the earth's atmosphere

19

that of the sun, or 3.0 x 10”

and its spectrum is essentially that of sunlight,

The irradiance falls off rapidly as the elongation angle (phase) goes
from 180 degrees (full moon) to 0 degrees (new moon). The half moon (90 degrees),
though apparently half the area of the full moon, is only 11 percent as bright.
This rapid fall off is due mostly to the rough character of the surface,which
causes it to be more or less darkened, except when full, by shadows cast by
surface irregularities. The non-uniformity of the surface is quite important

when the receiver's field of view is small.

The Earth - The earth's albedo (reflection coefficient) may be determined from
measurements of the earthshine on the moon, and also from estimates based on
individual albedos of ground, sea, forest, snow and clouds. The actual albedo
is strongly affected by cloud cover. If an albedo of 0.39 is assumed, the
irradiance of the full earth at the mean moon distance is approximately 0.22

watts/mz.

The spectrum of reflected sunlight from the earth is accentuated in
the blue region. This is due to the fact that there is an increased contribu-

tion of atmospheric scattering at the shorter wavelength.

Other Planets - The albedo of various planets is presented in Table 3-4. Venus,
the brightest planet seen from the earth, has an irradiance outside the earth's

atmosphere of from 0.46 to 1.15 microwatts/m2.
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TABLE 3-4
ALBEDO OF VARIOUS PLANETS

Planets Visual Albedo
Mercury 0,069
Venus 0.59
Mars 0.154
Jupiter 0.56
Saturn 0.63
Uranus 0.73

' The Day Sky - The day sky will exhibit wide variations in radiance and in
spectral content depending upon the sun's position, weather conditions, and

receiver orientation.

When the sun is near its zenith on a clear day, the sky is predominantly
blue, due to Rayleigh scattering. When the sun is near the horizon, the blue
component in the sun's rays is severely attenuated from Rayleigh scattering by
the time they reach an area overhead. Réys are now rich in the red-yellow por-
tion of the spectrum. Clouds and dust particles illuminated by this light make
the sky appear red or yellow in hue. The flux density per steradian of the
receiver's field of view is of the order of 20 watts/m%-steradian for a clear day

sky.

Let us consider the condition when the receiver's field of view is
completely filled with a fairly uniform source of radiation (gradientless sky).
This background condition may be characterized by its flux density at the

receiver per steradian of the receiver's field of view, i.e., the radiance B
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of the background in watts/m? - ster. Over a wavelength interval between A\

and A + d\ the spectral radiance at the receiver will be designated B

watts/m2 -ster-u. If at this A\, the radiant sensitivity of a photocathode

is «a and the receiver light losses are denoted by n,, then the external back-

ground current IBE(E S.) where (E.S.) denotes extended source, is given by:

o0
i a
Ipe(E.s.) wAp ~j[ n. B d
o

where AR is the projected area of the receiving collecting mirror and w is
the solid angle measure of the receiver's field of view. For the case of

a conical search pattern, it is convenient to express w in terms of

the apex angle, ). For @ in radians we obtain approximately:

Therefore,

2 o0

' _x

Iegee.s.) = & “r° \/f @mn B, d\.
o]

For minimization of background current, it is clear that @ should be made as

small as possible, so long as the signal itself is not degraded.

If light losses in the receiver are substantially constant over the

spectrum of OBX’ n, can be taken outside the integral. At this point it is

convenient to define a weighted value of cathode radiant sensitivity as:

o0
/ aBth.
(o]

2 —_

ny A9 oy B

o f

aBE(E.S.)

Then,

™
n}

IgE(E.s.)
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To calculate IBE(E.S.)’ one must know B and aBE(E.S.) for the particular
background. As an example, for clear day sky a typical B is 20 watts/m2 -

steradian.

Table 3-5 gives the radiance of several background sources. The
information contained in the table is adequate for performing initial feasi-
bility investigation of an optical communication system when limited by radia-

tion from these background sources.

TABLE 3-5

SPECTRAL RADIANCES OF TYPICAL OPTICAL NOiSE SOURCES
(In watts/cm2-ster-angstrom)

tavele ® Moon_6 Zero*MagniE?ge Sunlit_garth Day §§y Night_%iy
1 ength (A) | Sun | x 10 Star* x 10 x 10 x 10 x 10
3000 0.081 | 0.12 0.34 0.001 0.0055 1.4
4000 0.222 | 0.34 0.83 0.118 0.053 1.3
5000 0.310 | 0.47 1.16 0.170 0.035 2.0
6000 0.272 | 0.41 1.04 0.173 0.019 5
7000 0.214 | 0.33 0.80 0.157 0.012 ‘ -
8000 0.168 | 0.26 0.63 0.132 0.0065 -
9000 0.132 | 0.20 0.50 0.110 0.0032 -
10000 0.108 | 0.16 0.41 0.0875 0.0025 -

The Night Sky - The spatial distribution of stars has been well documented in
the literature. Combining this data with some assumptions on the average
spectrum of stars allows one to determine in a statistical manner the effect

of this background.

*watts/cmé-angstrom.
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The stellar magnitude, M, of a star or other heavenly body is

defined as:
M = Mo - 2.51 log 1

where I is a measure of the brightness of the object and Mo is a reference
magnitude. This brightness measure is taken with a detector whose response
peaks in the blue part of the spectrum. This formula is applicable to a visual
observation of a star. To convert from stellar magnitude to photoeléctric

magnitude it is necessary to determine the color index for the stars of interest.

Most of the irradiance from stars comes from those whose magnitudes
are larger than 5. Very bright stars contribute little to the total irradiance

because there are so few of them.

The amount of light from stars is a function of galactic latitude
since the density of stars is a function of galactic latitude. More than five

times as much light comes from latitude O degrees as from any latitudes above

60 degrees.

The brightness of any star compared to the sun can be expressed as:

M -M

. i I
I 10 L 2-51

S

»

Since the sun's visual magnitude is -27, a first magnitude star would be only
6.3 x 10-12 times as bright. The total light from a hemisphere of stars is
approximately equél to that from 1440 first-magnitude stars.20 This means
that the light from a hemisphere of stars is 1440 x 6.3 x 16-12 = 9.2 x 10"9

times that of the sun.
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If the spectral irradiance of a star at the receiver is bk’ the

background current which results is
oo
Ige(e.s.) = ./[ @n, by &
o

Assuming again that n, is flat over the spectrum of bh

weighted cathode radiant sensitivity for the source as

and defining the

aBE(E.S.)

T =
g\“*\
8

Q

P’U"

&

the equation for external background current (small source case) becomes:
Igpes.s.) = Pr AR OE(s.s.) °

Where b is equal to the irradiance of the star in watts/mz. Table 3-620 gives
irradiance for some possible discrete sources (stars of various magnitude).
The irradiance values listed are for a receiver just outside the earth's

atmosphere.

Background - Thermal Noise and Photon Noise - From an optical communications

standpoint the major contribution of background radiation to noise is due to
the fluctuations in the rate of arrival of background photons, i.e., shot
noise, Thermal noise will be present whenever background radiation is received,
but, at optical frequencies where hy >>kT, the thermal noise power is much less
than the background shot noise power. Strandberg has shown that the total
background power spectral density y(v) is given by: (Reference 21, pages 617-

620, and Reference 22):
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hy

h
exp[:i%;] -1

+ hvy

¥ =

When hy >>kT, the first term (thermal noise) becomes much smaller than the

second term (shot noise).

TABLE 3-6
IRRADIANCE VALUES JUST OUTSIDE THE
EARTH'S ATMOSPHERE FOR SEVERAL SOURCES
Source Irradiance (Watts/m?) Spectrum
Sun (M = 26.7) 1390 Typical Solar Spectrum
Moon 3.0 x 10-3 Approx. Sunlight
Venus 0.4 to 1.2 x 10-6 Approx. Sunlight
Stars Sunlight*
M: -2.0 1.83 x 1077
-1.0 7.27 x 1078
§ 1.0 1.15 x 1078
{ -9
; 3.0 1.83 x 10
5.0 2.90 x 10710
7.0 4.60 x 10711
9.0 7.27 x 10712
11.0 1.15 x 10712
13.0 1.83 x 10713
15.0 2.90 x 10”4
17.0 4.60 x 10712
19.0 7.27 x 10716
'21.0  1.15 x 107®

*Because of the way in which magnitudes are defined and measured, the irradiance
values given apply only to stars whose Spectra are the same as sunlight,
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The effect of shot noise on the output signal-to-noise ratio
depends, of course, on the message encoding scheme. It is interesting to note'
that the optimum radio frequency communications system, from the point of view
of noise immunity, is not necessarily the best one at optical frequencies,
Reference to Figure 8-12 in this report shows that, in the presence of a given
background photon reception rate, a pulse position modulation system in which
the highest received pulse marks the pulse position requires far less signal
power than pulse code modulation to maintain the same output signal-to-noise
ratio (received error rate)., This result 1s remarkable, since the reverse
is true for radio-frequency communications., The reversal is directly traceable

to the reversal of the hv and kT inequality.

Further discussion of the effects of background shot noise will
be found below. For a small background photon arrival rate Poisson statistics
are preferred over Gaussian statistics for a realistic analysis. As the back-
ground photon arrival rate increases it will be noted that the minimum signal
photon rate required for a given error rate asymptotically approaches a linear
relationship with the square root of the background photon arrival rate. This
is to be expected since the Poisson statistics approach Gaussian statistics

for large means.

Background - Source Fluctuations - Another possible source of unwanted noise

that can degrade the performance of an optical communication and tracking sys-
tem is source fluctuation,or variatilon in the spectral irradiance from various

celestial backgrounds.

The varying or a-c noise portion of the spectral irradiance from

the various celestial backgrounds (sun, planets, satellites of planets, stars
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galaxies, and clusters of stars) is passed by a receiver's a-c intermediate
frequency amplifiers and its preamplifiers. This situation can be ameliorated
somewhat by optical spectral filtering, pulse coding and decoding techniques,

and electronic frequency filtering.

In Reference 23 experiments are described which were conducted to
determine the percentage of a~-c noise value (or modulation) in steady-state
solar irradiance in the visible spectrum as a function of frequency. This
percentage is applicable either to the sun or to the solar-reflection irradiances
of planets and satellites of planets of the solar system. Modulation noise
was measured over a frequency range of approximately 40 cps to 50 kilocycles.
The data indicates that the noise spectrum falls off by an order of magnitude
for every 100-cps increase in frequency. This result appears to be in rough

agreement with work done by Chatterton (Reference 24, pages 43-44).

Typical modulation ratios of around 0.1 percent in the frequency
range 50~1000 cps based on measurements by Gilmore (Reference 25, page 3) were
not borne out by work reported in Reference 23. It appears that University
of Michigan's measurements tend to agree more with those reported by Chatterton.
Chatterton's data, derived from measurements in the infrared region of the
spectrum, indicate modulation ratios smaller than 0.1 percent by one or more

orders of magnitude,.

It has been pointed out that frequency dependence and magnitude of
the modulation indices of the observed solar modulation are very similar to
that produced by scintillation.23 It is possible that the observed modulation
is due to the scintillating effect of the atmosphere and not to variations in

the sun's radiance. Further experimentation is needed to determine the extent

scintillation contributes to solar radiation modulation.
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In any event, this possible source of background fluctuation

will degrade performance of an optical communication and tracking link.

Detector Noise - Detector noise may be considered as an internal noise in a

communication link. The major components of this source of noise are:
Johnson noise, current noise, generation and recombination noise, and shot

noise.

Johnson noise is due to the resistive component of the detector

and is equal to:

= IAN
NJ 4K TR AOf

where Af is the bandwidth of the circuits measuring the noise; T is the
absolute temperature of the detector; and K is Boltzmann's constant. This

noise can be minimized by cooling the detector.

Current noise has been shown to be related to an appropriate
power of the total average current through the detector, the sensitive area
of the detector, the detector thickness, and modulation frequency. This

noise appears to be insignificant for high modulation rates.

Generation and recombination noise is a characteristic noise in
semiconductors which is caused by the rise of valence-band electrons in the
conduction band and also by the recombination of electrons and holes. This
component of noise can be neglected provided that the product of modulating

frequency and carrier lifetime is much greater than one.

340
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Shot noise due to the discrete nature of the electron charge is a
component that cannot be neglected. This noise depends on the total average
current 1 through the detector, which consists of the average signal current
Is, the average background noise current Iﬁ’ and the average current which

flows through the detector in the absence of any input, i.e., the average dark

current 1 .. The shot noise,Ns

D hot’is equal to:

NShot = 2q I Af.

The dark current noise,ND,is equal to

ND = 2q iD Af.
Since the nature of noise caused by background radiation and the
detector is fairly well understood, it will be very interesting to compare the

results of the Optical Technology Satellite experiments with the results expected

from theory and the known amounts of background.
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SECTION IV

HETERODYNE AND INTENSITY DETECTION OF LASER LIGHT

This section deals with a comparison of optical detection and
microwave detection for both the up-and-down-looking communication links.
The effect of atmospheric turbulence on optical heterodyne detection on earth
is considered. An evaluation is made of the loss in received signal power

produced by turbulence-induced phase fluctuations over the receiving aperture,

Finally, the pros and cons of optical heterodyne detection and

intensity detection for use on earth or in space are discussed.

4.1 COMPARISON OF OPTICAL DETECTION WITH MICROWAVE DETECTION
From quantum mechanical considerations it has been shown that an
ideal linear amplifier has an inherent noise of hy watts/cps referred to the

input. The total noise power spectral density V(y) is given bygz

\‘f: hy +hy
exp (\hv > -1
KT

The first term is the thermal noise (one dimensional black-body radiation) from

the source at temperature T. The second term represents the minimum additional
noise due to quantum effects and, for the laser case, is uéually ascribed en-
tirely to spontaneous emission in the amplifying medium. For the microwave
detection case By << 1, and, therefore, the thermal noise predominates

KT
and the system is receiver noise limited. For the optical case hy/KT >> 1
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and, therefore, thermal noise virtually disappears and | - hy; hence, the
system is photon shot noise limited.
4.2 EFFECT OF ATMOSPHERIC TURBULENCE ON OPTICAL HETERODYNE DETECTION

Loss of Signal Power - One principal reason heterodyne reception is desirable

is that it should permit narrow-band, photon-noise-limited operation with

solid-state detectors.

For an earth-based reception system, heterodyne detection of
transmission from a deep-~space vehicle becomes difficult for large receiver
telescope apertures. This is because there exist random phase differences
among the light wave fronts in various parts of the telescope aperture due to
atmospheric turbulence. Heterodyne reception depends upon phase coherence
between the local oscillator and the signal and it is difficult to compensate
for a multitude of different phases across the aperture. The heterodyne
detector system, as illustrated in Figure 4-1, converts a steady signal into
a much weaker and noisier signal because the voltage due to various portions
of the wavefront would add and subtract randomly. Also, even assuming a uni-
form wavefront, there is the problem of generating a constant-amplitude local

oscillator signal.

In a case similar to that of the microwave, an optical heterodyne
receiver provides a signal amplitude proportional to the integral of electric
field over the aperture for an undistorted wavefront. Consequently, the afore-
mentioned random spatial variation in amplitude and phase will reduce the re-

ceived signal power.
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Figure 4~1. Optical Heterodyne Detection

Employing an analytical approach by Gardner26 that was utilized
to evaluate optical heterodyne detection performance for horizontal line-of-
sight transmission above the earth, a modification of the analysis was made
so that performance could be assessed for the case of vertical downward laser -

[

transmission at 6328A through the atmosphere to an earth receiving stationm.

Reference 27 provides data on the magnitude of atmospherically caused phase

fluctuations for this case.

The resulting signal power loss (in db which is equal to 10 lqglo(y),

where y is defined as the ratio of the actual received detector signal power to
the corresponding power received with no phase fluctuations) increases very

rapidly with increasing receiving aperture.

For receiver aperture diameters D greater than approximately 7 cm the

loss factor is: y e~ a/D2

where o = 8.8 x 10”3 and D is expressed in meters.



PERKIN-ELMER
Report No, 7846

The results presented above tend to be in good agreement with
those based on typical astronomical resolution. For the astronomical case a
diameter of 10-to-15 cm is the point for which diffraction-limited resolution

approximates atmospherically limited resolution.

It is of interest to note that Fried and Cloud27 have suggested
that if the local oscillator wavefront in an optical heterodyne detection
system could be made to track the average tilt of the distorted wavefront,
efficiency of heterodyne reception could be made to saturate at larger re-

ceiving aperture diameters than predicted.

The average signal power loss computed above neglects all effects
caused by motion of transmitter and receiver. Therefore, a calculation of
average signal power loss based upon this static model represents an optimis-
tic estimate since any motion can only result in further loss of signal infor-
mation. Also zenith angle dependence must be taken into‘account to evaluate

performance under slant path conditions.

It appears from the above considerations that optical heterodyne
detection, although highly attractive, may be extremely difficult to accomplish
on earth with large receiving apertures. On the ground an intensity detecting
receiver of large aperture may turn out to be more efficieéent than the optical

heterodyne system.
4,3 OPTICAL HETERODYNE DETECTION AND INTENSITY DETECTION

Advantages and Disadvantages

The optical heterodyne signal-to-noise ratio will be reduced if the

receiver is not diffraction-limited or if a pointing error larger than the
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diffraction limit exists. This reduced value of signal-to-noise ratio is equal
to that applying to a smaller diffraction-limited aperture under the same disturb-
ing conditions. Also, the signal-to-noise ratio decreases with Opy/ where

Op;, is the diffraction-limited angle and ¢ .. is the maximum error angle.

Optical heterodyne detection can in principle always reach the
theoretical maximum signal-to-noise ratio in deep space where diffraétion-
limited operation is required for other reasons, because phase front distortions
are minimal. As noted above, on the earth's surface where the atmosphere dis-
turbs the transverse coherence of the beam near the receiver, there is a maxi-

mum diameter beyond which diffraction-limited wavefronts cannot be utilized.

An intensity detecting receiver of large aperture and poor point-

ing accuracy may be a good choice for the earth-based receiver.

Optical heterodyne detection is attractive since the technique can
reduce noise originating in the detector to a level less than the signal shot
noise. Also, by using heterodyne detection, the effect of background radiation
shot noise such as earthshine or sky light can be minimized by use of post-
detection filtering. Doppler velocity information may also be obtained by

sensing the Doppler shift of the optical carrier.

Essential elimination of detector noise is afforded in a heterodyne

system by insuring that the noise due to the local oscillator is greater than

the detector noise.
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This is accomplished by making the local oscillator power io,large.
The detected signal power increases linearly with local oscillator power, so
the only remaining sources of noise are background noise which falls into the

post-detection bandpass Af and quantum noise, i.e,, signal noise.

As an example, suppose that the received signal power, P_, is

s’
4 x 10712 yatts rms and the detector noise power, §d’ is 1078 watts. The
quantum efficiency is n, and ﬁbis the received background power. The signal-
to-noise ratio is a function of local oscillator power and received background
power (among other parameters) so it may be written functionally as:

S _ S5 (" ")

N N Po s Pp
According to Brinkman (Reference 28, pages 7-1 to 7-24):

s - - 1"|§ i
"(Po 3 Pb> = S =
N hoaf [ By + By + By + Bg| + BB,

The ultimate signal-to noise ratio is still a function of received
background power, even when the local oscillator power is increased without
limit.

Thus:

B8 (B By) = S (o5 By) - _DFs
Po—voo N N hyat +'qu
Very large local oscillator power is impractical, since it will burn out the
photomultiplier. One might desire to make the local oscillator power large

enough to obtain a signal-to-noise ratio within m% of the ultimate.

Thus:

s (?o;§b> - m s (oo;ib>
N



FPERKIN EL.MER
Report No. 7846

Substitution from the two preceding equations into the above yields:
¢ mhyaf (Bg + By + By)

° (100 - m) (hyaf + ﬂib)
- ¥ - -k
This P, is a function of Pb, so it may be written Po (P

)

Let us choose two cases when §b - P (i.e., S/N = 1) and ib = 0, and let m = 90.
S

One obtains: p*
_s_ (oo 4 x10°12) = .86 , Po (4 x 10-12) = 1,27 x 10°8 watts
_— }
S§ (oo 0) = 6.2 . (0) = 9x 10 8 watts
N

One notes that less local oscillator power is required to obtain 90 percent of
ultimate S/N in the presence of received background noise power than when the
background noise power is zero, but the S/N for the two cases is different!
The natural choice is the larger local oscillator power, obtained by assuming

that the background power is zero.

Turning attention to intensity detection, detector noise can be
substantially reduced in the visible region by using low noise photomultipliers.

In the IR region detector noise can be made negligible by employing cyrogenic

cooling.

The minimization of background radiation in a heterodyning system
can be accomplished by ensuring that the local oscillator power is larger than
the background noise power at all signal image spots, and by the use of narrow-
band post-detection filtering. The noise conttributions that will remain will

be the shot noise of the signal and the minimum background radiation.

The minimization of background radiation in an intensity detection
scheme can be accomplished by using narrow-band pre-detection filtering, as
with Lyot filters. However, reliable intensity detection with large field angle
and large apertures requifes sophisticated narrow-band filtering.
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The anticipated Doppler shift for low orbits (in the vicinity of
100 n.m.) is from 3 to 30 kmc/s and dictates a requirement of either multi-band
local oscillator or transmitter or very broadband photodetectors for a hetero-

dyning application. In addition, mode and frequency control of the lasers would

be necessary.

The engineering decision for heterodyne and intensity detection

for ultimate deep-space communications will have to be made in light of the

above congiderations and their system implications. Engineering experiments

&) and (5) will provide sorely needed data to permit the choice of an optimal

detection system.
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SECTION V

ACQUISITION EXPERIMENTS DISCUSSION

5.1 THE EFFECT OF BACKGROUND ILLUMINATION ON
DOWN-LOOKING ACQUISITION AND TRACKING

Ground beacon power and beam width requirements depend directly
on the minimum signal-to-noise ratio at which acquisition and tracking by the
spacecraft can be performed. As the spacecraft views the earth, the largest
source of background noise is earthshine, or reflected (and re-emitted) solar

energy. Starlight is a second noise source which is small compared to the

earthshine contribution in most instances.

The amount of energy reflected from the sunlit earth towards the
spacecraft varies over several orders of magnitude and depends upon many fac-

tors, Some of these factors are:

(1) The reflectance of the ground cover which can vary

by a factor of 15 to 20.

(2) The extent to which reflecting surfaces act as specu-

lar or lambertian reflectors.
(3) The extent and type of cloud cover.
(4) The phase of earth illumination by the sun.

(5) Atmospheric absorption which depends upon the eleva-

tion and azimuth positions of both the spacecraft and

the sun.
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(6) Atmospheric scattering which depends upon the size
and distributions of particles suspended in the

atmosphere.

The noise due to earthshine cannot be easily computed with any
exactitude because of the complexity of these factors. However, even when
allowance is made for a wide margin of error, calculations make it quickly
apparent that any attempt to view the ground station in the presence of earth-

shine will require careful steps to limit noise.

Two means are used to reduce the noise incident in the photodetec-
tors in the laser receiver system. The first method of reducing earthshine
noise is to use a pre-detection filter. The laser beam received by thé space-
craft passes through a marrow-band pre-detection filter which has as narrow a
bandwidth as possible. A bandwidth varying from 0.12 to 102 can be obtained,
dependent upon the type of filter used. Lyot filters have been made with a
bandwidth as narrow as 1/82 while thin film dielectric filter bandwidths have been
made as narrow as 5A. Mica filters have a transmission passband of 1. A second
method involves reducing the field of view of the receiving telescope to the
limit imposed by servo~-dynamic performance in an effort to reduce earthshine
contribution to noise. This is accomplished by introducing a field stop into
the very fine pointing beam. When acquisition is complete, the field of view
is reduced to several seconds from the l-degree field of view, thereby increas-
ing the signal-to-noise ratio and the communication bandwidth. During acquisi-
tion the signal-to-noise ratio is necessarily lower due to the wider field of

view required..
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The extent to which acquisition and tracking will be affected by
the background illumination encountered during a deep-space mission must be

demonstrated by the OTS. Specifically, two questions must be answered:

(1) How large is the variation in signal-to-noise ratio
due to the noise contribution of earthshine and star-

light for a variety of observing conditions?

(2) How do the tracking and acquisition functions deter-

iorate as the signal-to-noise ratio is lowered?

In order to answer these two questions, signal-to-noise measure-
ments should be made aboard the spacecraft and telemetered to earth. Follow-
ing the basic acquisition and tracking demonstrations which will take place on
a moonless night (maximum SNR), acquisition and tracking operations will be
performed at different times of the day and night to determine the natural

variation in signal-to-noise ratioc due to the variation in earthshine.

The signal-to-noise ratio detected aboard the OTS relatively close
to earth will be much higher than levels typically encountered in a deep-space
mission. Two means will be used to simulate the reduced signal-to-noise ratio
likely to occur at distances up‘to 108 miles from earth. Various neutral dens-
ity filters can be introduced which will attenuate the ground laser beam. At
no time will an appreciable star field be observable from the OIS because of
the comparatively close range. In order to simulate the optical noise of the
stellar background seen during acquisition in deep space, a small mechanical

collimator having a l-degree field of view could be mounted aboard the OTS
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pointing away from earth. A beam-splitter might be used to transfer the stel-
lar energy directly into the main optical beam of the spacecraft. However,

the complexity involved in this apparatus does not justify its existence aboard
the OTS, The noise that would be present may be calculated and simulation of

the starfield will not be provided.

In addition to studying the effect of earthshine and starlight on
the acquisgition and tracking capabilities of the spacecraft, some attenﬁion
should be given to the ground station receiver which is subject to noise from
three sources. These are: sky luminance, starlight, and planetary albedo
ﬁhen the planet is viewed together with the spacecraft. Signal-to-noise meas-
urements made with the ground-based receiver can be useful in determining the
noise contributions of the first two of these sources, while simulation of
planetary albedo background is possible with an OTS in synchronous oxbit, when
the earth's moon appears behind the satellite. When tracking the OTS in the
vicinity of different plénets with the ground-based receiver, it should be
possible to make separate estimates of the noise contribution in order to ac~-

curately predict system performance in the deep-space situation.

5.2 ACQUISITiON TO 1 DEGREE

Previous work indicates that the most stfingent conditions for
acquisition exist at maximum range (108 miles for a deep-space vehicle) and
with maximum earthshine. Theae conclusions are based on the fact that signal
power level is minimum and, hence, its assoclated quantum noise is maximum;
additionally, photosensor and electronics noise is largest relative to the

signal received. The addition of earthshine background adds to the quantum
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noise and reduces the signal-to-noise ratio substantially even when narrow-

band pre-detection filtering is incorporated. The location of the apparent posi-
tion of earth could possibly be eased by detection of earthshine. However,

for many portions of vehicle trajectories the phase of earth i1llumination may

be such that earthshine is substantially reduced. Computation of the probable
stellar irradiance per square degree leads to the significant conclusion that
only modest S/N reductions are to be expected due to relatively large stellar
fields in the earth's background. Whether an earth beacon is directly sought

or, alternatively, the earth location is sought through earthshine detection
followed by beacon search, the field of view during search can thus be reason-

ably large, the search time can be minimized, and the scanning operations simp-

lified.

If it is now assumed that the vehicle position relative to earth
can be accurately predicted prior to launch and trajectory computations refined
by post launch tracking data, then it appears reasonable that the earth beacon
can floodlight the expected region of vehicle position with a reasonable power
density to allow detection by the vehicle. While the vehicle might search for
this beacon by scanning in all directions, the scan time would be unreasonably
large since there are over 40,000 regions of one square degree area in a sphere.
A more logical approach, which achieves tremendous scan time reduction, involves
a vehicle stored program which predicts the angular distance between the earth
and the sun as a function of trajectory time. With such a program available,
the vehicle would simply search for the sun, offset its optical receiver's line
of sight from this reference direction by the predicted angle, and roll about

the reference direction while searching for earthshine and/or earthbeacon signal.
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With a one-degree search field the scanning time would be reduced to 360 rather
than 40,000 sectors and the predicted angle need only be accurate to approxi-
mately one-half degree. Additional advantages of this approach are that ve-
hicle power required for the search operation is reduced and the stored angle
indicates the proximity of the earth to the sun. This latter information can
be used either to avoid operations where damage to the system by direct solar
power is likely or to narrow the FOV as coronal background light increases
(and/or to turn off aﬁ earthshine detector if used). TFor the case of maximum
earthshine and a range of 108 miles, the signal-to~noise ratio (for video de-
tection) will be low and, since the earth subtends only 16 arc-seconds, no sig-
nificant S/N improvement will result as the field is reduced from one degree

to the earth's angular subtense. Further field restriction, if practical, will
increase S/N ratio or alternatively allow bandwidth increase for the same S/N
ratio to reduce small-amplitude higher frequency pointing errors which other-
wise become more effective in producing target loss for narrower fields. Since
total earthshine introduces essentially all quantum noise under the assumed con-
ditions, a field restriction from 16 to 8 arc-seconds will reduce quantum noise
by a factor of two and allow bandwidth to be increased by a factor of four.
There are no épparent methods of avoiding the degrading effects of earthshine

except the following:

(1) 1Increase the ground beacon laser power or reduced

beacon beamwidth to increase received power density.

(2) 1Increase vehicle receiver aperture to reduce quantum
noise associated with earthshine and, in addition,
to obtain greater signal power at the vehicle's track-

ing sensor.
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(3) Resort to low duty cycle high power ground laser
pulses to minimize earthshine effects on S/N ratio.

This approach is discussed elsewhere.
(4) Develop detectors of higher quantum efficiencies.

(5) Utilize low spectral bandwidth detectors and oper-
ate at wavelengths where earthshine contribution

is reduced.

Reduction of beacon beamwidth is only possible if the vehicle posi-
tion uncertainty region can be minimized. While atmospheric spreading effects
will form an ultimate beamwidth reduction limitation, the position of a deep-
space vehicle could be more accurately established if the vehicle could flood-
light the expected position of the earth and allow earthtracker lock-on. The.
0.l-arc-second beamwidth vehicle transmitter which normally transmits at a
107-cps data rate could be used to transmit a floodlight beam at a 16wer data
rate of approximately 10 cps and a beamwidth 1000 times greater or 100 axrc-
seconds, a value clearly large enough to avoid the 36-arc-second point ahead
problem. The received data would indicate, for example, non-systematic re-~
fraction angle component of the earth's atmosphere and allow ground beacon

beamwidth reduction through better vehicle position determination.

Since no approaches competitive with the foregoing one have evolved
in the course of this study, the following paragraphs are limited to consider-
ing the requirements for demonstrating the technique with an Optical Technology

Satellite. -
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Let us first examine the case of a deep~space vehicle for the para-

meters assumed in Table 5-1.

TABLE 5-1, Assumed Deep-Space Parameters

Ground Laser ‘ 8400&, 4 watts average power pulse
operation
Earth Beacon Beamwidth 5 arc-seconds with diffraction-

limited intensity distribution
Range 108 miles

Vehicle 1A pre-detection filter, 33% trans-
mission, 50% optical attenuation,
32-inch diameter aperture (0.5
meterz)

Atmospheric Transmission | 50%

The signal power density at the receiver will be 7.3 x 1018 watts/
cm? corresponding to a received power of 3.6 x 1014, The signal power at the
detector is 0.6 x 10~1% watts or 2.82 x 104 photons per second. The number of
photocathode electrons/sec from a 0.4 percent efficient S1 phototube will be
113, corresponding to a S/N ratio of 7 at 1 cps.* The dark current of the
cooled (~70°C) photosensor (EMR 543C) will be 5 x 10711 amp, which is equiva-
lent to a background of 10”14 watts., Earthshine input at the detector will
be approximately 468 x 10714 watts, a value 780 times the signal power, which
would tend to lower the S/N ratio by a factor of approximately 27.9. Operation
of the beacon at 0,1 percent duty cycle (if possible) would reduce this factor
to 1.6 at the cost of increased bandwidth and synchronous gating. A starfield
background of 1 degree would produce an additional power input of 0.42 x 10714
watts which, like detector dark current equivalent, is small compared to

earthshine contribution and can be neglected.

*Refer to Equafion 5, page 7-5 or Figure 7-14, page 7-8.
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Consider next the case of a synchronous earth satellite with the

assumed parameters of Table 5-2.

TABLE 5-2. Assumed Satellite System Parameters

©
Ground Laser 8400A
; 4 watts average power
pulse operation

Earth Beacon Beamwidth 5 arc-seconds with dif-
fraction-limited intens-
ity distribution

Range 18,000 miles

o :
Vehicle 1A pre-detection filter,

' 33% transmission, 20%
optical system transmis-
gion

12-inch diameter aperture
(.07 meter?)

Albedo 0.36

Assuming a lambertian earth reflectance in a one square degree
field of view, the earthshine will be 3.53 x 109 watts/steradianlz./degree2
and the power density at the receiver aperture will be 4.21 x 10_6 watts/meterzlz.
The signal power density at the receiver will be approximately 2.5 x 10"6 watts/
meterz. The signal and earthshine powers at the detector will be 1.2 x 10-8
watts and 1.9 x 10'-8 watts, respectively, indicating a signal-to-noise ratio
of 20 at 106 cps without earthshine. A signal-to-noise fatio of 20 at 100 cps
can be obtained with about 104 times less beacon power without earthshine or

with about 102 times less power with earthshine. Hence, ground station power

in the order of milliwatts should suffice from a signal-to-noise standpoint.
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Practical considerations (viz: saturation of photosensor on high earthshine)
may require a higher beacon power which is easily obtained from available
lasers. Moreover, pulse duty cycles in the order of 50 percent through opti-

cal chopping should suffice.

The FOV restriction from 1 degree to 2 arc-minutes® should reduce
earthshine by a factor of 900 to 2.11 x 10~11 watts allowing an equivalent
ground station reduction in signal power to 1.33 x 10~11 watts at the detector
for a S/N of 20 at 1,111 cps. An uncooled EMR 543C phototube has a dark cur-
rent equivalent power of 2 x 1()"8 which hag the effect of maintaining photon
noise constant during the foregoing signal power reduction. The S/N ratio
fhus drops by a factor 900 to %%6 @ 10° cps or %Q @ 102 cps or 22 @ 1 eps or
6 @ 16 cps, a value reasonably close to the deep-space conditions, where the
dark currentfof the phototube is used to simulate earthshine noise. PMT cool-
ing to reduce dark current could be used to allow further degradations by higher
ground signal attenuation. If cooling to -70°C is feasible, for example, and
the signal is reduced by a factor of about 500, then the signal and earthshine
will be approximately 4 times that for the deep-space mission, so that a degree
starfield input could result in conditions where the expected S/N ratio is 1/2

@ 1 cps. These figures are summarized in Table 5-3.

Two approaches to search are possible. These are:
(1) Point at Nadir (rather than the sun) with an IR
sensor and rotate about this reference with an
offgset of up to 10 degrees (1/2 earth's subtense

for synchronous satellite). This method involves

*Corresponding to the tentative satellite implementation.
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TABLE 5-3, Comparison of Deep-Space and Satellite
System Signal-To~Noise Ratios

i
1
?n_ e S ? R B L
: | Deep Space ! Satellite | Satellite Satellite
'L.::;.:.'._:. WU LTI I .T—".'—...‘L:_."."ﬁ" ST ormoo T s e T’“'“:.Z; PPN gt LT":_VL‘.—;.’::%_"-*_— ot S et e
i Signal Power at | .6x 100 1.2x10% 133 x 1071 l2.66x 1071
- Detector (Watts) i ;
' PMT Equivalent ' 10m 14 @-70°C 2 x 1078 @5°C, 2 x 1078 @2s°c | 1071 @r0°C
" Input (Watts) i ! @
~ Earthshine Power § 5 x 10712 5 1.9 x 10-8 i 2.2 x 10”1t 122 x 10712
at Detector (Watts)! | | i
Star Power at De= | .42 x 107°% | 42 x 107 | a2 x 107 | 1.68 x 1071
tector (& FOV) (1l deg) | (1 deg) ' (1 deg) t (22 deg)
(Watts) \ i
. 8/N 7/28 @1 cps | 10 @106 cps . 22 @l cps | 1/2 @1 cps
Laser Power (507% 4 watts 4 watts 445 5 8.9 mw
Duty Cycle) ;
: i
t { i {
. FOV 1° 1° ; 2 arc-minutes 5 2 arc~minutes ;
i i
| Aperture Diameter 32" 12" 12" % 12"

NOTE: 1If a satellite aperture diameter of 32 inches (rather than
12 inches) is considered, the power inputs for the signal,
earthshine, and stellar field would increase by a factor of
about 7. The effect would be to raise the indicated values
of S/N (in columns 1, 2 and 4) by a factor of about W[7-.
For the conditions of column 3, the S/N ratio would increase

by a factor of 7 because of the predominating and unchanged
value of PMT. equivalent inputs.
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low rates of change of the offset angle but requires

search for the earth by an IR sensor which is undesirable.
(2) Point at the sun which is visible to the satellite over

95 percent of the time (at the synchronous altitude and

at the recommended inclination angle) and scan about

this reference direction., While higher offset angle

rates are anticipated, the method better duplicates the

proposed scheme. However, the range of the offset

angle must now be 180 degrees which complicates the

satellite hardware (vis: approach (1) could utilize

flex bearings of limited range for implementing offset.)

The acquisition system, as illustrated in Figure 5-1, (correspond-

ing to approach (2)) seems feasible.

5.3 THE ACQUISITION EXPERIMENT

Engineering experiment (12) addresses itself to evaluation of the
ability of a deep-space vehicle to acquire a ground beacon directly and, in
addition, to acquire the earth beacon once the vehicle's line of sight has

been directed towards the earth.

Direct detection of the earth beacon without resort to earthshine
detectors appears to be a requirement if one considers that during certain
portions of a vehicle trajectory the phase.of the earth's illumination may be
such as to make earthshine sensing impractical. Calculations assuming the
earth to be a lambertian reflector indicate that while the earth may look like
a -4 magnitude star at 1AU., it can also appear to be up to 5 to 10 magnitudes
less bright and can, thus, be lost among the many stars which exist in this

magnitude range.
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Alternatively, if the earth's reflected sunlight is large, earth-
shine sensors are practical for earth location or coarse acquisition, but
these conditions then make earth beacon detection extremely difficult due to
the presence of a large background light contribution at the vehicle's beacon

photosensors.

To gain some Insight as to the magnitude of these problems one
can consider the case of a deep-space vehicle at a range of 107 to 108 miles,
a range which 1s reasonable if one considers vehicle trajectories to Mars or

Venus which have minimum ranges of 48.5 x 106 and 64 x 106 miles, respectively.

The most adverse conditions for acquisition tend to occur at max-
imum range where the received beacon power is least and, therefore, quantum
noise associated with the signal itself is highest and where the relative amp-
litude of fixed noise sources (such as from detectors) is greatest. Refer to

Figure 5-2.

If it is assumed logically that good tracking must be possible without

background light, then it is apparent that the ratio of gignal to noise in signal

must be adequately large. With this assumption on basic S/N ratio it is found
that S/N reduction due to light contributions from relatively large stellar
fields is modest. This is significant in that the search field utilized to
detect the beacon can be extremely large, if earthshine is small, and the

search time and problem reduced accordingly.

Table 5-4 shows the ratio of beacon power to stellar power at both
Q o
6328A and 8400A for cases wherein the signal power has been chosen to yield a

S/N of 6 with no earthshine present. The results,which are given for the

5-14



PERKIN-ELMER

Report No. 7846

i

3 Earth Shine
n — Power

o8

o

1
N L.

Signal
™ Power

Watts
Meter
i

i i

Fixed Noise Power

AN

LN

| i

" Range(Miles) - 104 10

Figure 5-2.

107 10

Received Power Versus Range

TABLE 5-4. Relative Stellar Light Input
(A) Vehicle Aperture - 32" o !

j Assumptions (B) Pre-detection Filter - 1A |
g P (C) Filter Efficiency - 33% ;
: (D) Optical Efficiency - 50% :
f__,_._.“ . ram e " 1
i A (a) 6328 8400 |
;h—-___. pmcammry et et S ot = it <
. Signal Power Density in w/m? -12 -12 E
© for 8/N = 6 @ 20 cps 11 x 10 120 x 10 i
| Starfield (1 deg?) w/m’ 8 x 107 5 x 10714 |
i
i
; Signal Power ' :
i Ratio Grellar Power 141 2400 E
Lo e e s e
i Signal Power Density in w/m? 12 .12
%forS/N:é@Zcps 1.1 x 10 12 x 10
|
|
a Signal Power
| Ratio Stellar Power 14 240
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assumed cases of 20- and 2-cps bandwidth, indicate that S/N degradations due
to starfield background should be small even if the stellar light contains

modulation components.

The effect of earthshine on the ability to detect the beacon, how-
ever, can be substantial. Table 5-5 indicates the S/N degradation factors ex-
pected (assuming no solar modulation components) for the conditions assumed
forTable 5-4 and at a range of 108 miles where the field of view exceeds the
earth's angular subtense. For troublesome earthshine conditions, wide FOV
earthshine sensors can be utilized to acquire and point the vehicle receiver
10S at the earth. The problem now becomes one of locating the beacon on
the earth in the presence of earthshine, which can drastically reduce detec-
tion capability and for deep-space conditions will not vary until the field of

view is reduced below the earth's subtense.

N R o

TABLE 5-5. Signal-To-Noise Ratio Degradation
Due to Earthshine

(A) Vehicle Aperture - 32"
Assumptions: (B) Range - 108 Miles
(C) Field of View > 16 Arc-Seconds

- e
A(A) 6328 8400

~ Signal Power Density in w/m2 12 12

~for S/N =6 @ 20 cps 11 x 10 120 x 10

s .

. Earthshine w/m’ 11 x 107 57 x 10712

!

§

' 8/N Degradation Factor 3.34 1.21

| S/N Degradation Factor with

! Original S/N = 6 @ 2 cps 10.7 i 2.4
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It is concluded that: (1) either earthshine seekers and/or direct beacon detec-
tors can operate with wide field to locate Earth and provide coarse orientation;
(2) with low earthshine, the beacon can be acquired directly; (3) earthshine sen-
sors will be ineffective during low earthshine conditions; and (4) the main
problem consists in locating the beacon when pointed at the earth under high

earthshine conditions. Schemes for the solution of this problem basically in-

clude the following:

(1) Acquire the beacon directly and narrow the field
of view to reduce earthshine input and improve

S/N and, thereby, tracking accuracy.

(2) Acquire the earth with an earthseeker and scan the
earth with relatively narrow field sensors to locate

the beacon in the presence of reduced background light.

Whatever the approach, the prime question appears to be thus: For
a given beacon sensor field of view, what value of S/N ratio will be large enough
to avoid beacon loss from the field due to vehicle torque disturbances and noise
in signal plus background light? And, what techniques can provide improved bea-

con detection ability under high earthshine conditions?

The acquisition experiment for the Optical Technology Satellite
addresses itself to the simulation by an actual system operating in near space

of the acquisition problems and techniques for solution corresponding to deep

space.
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Let us now consider the simulation aspect from the standpoint of

laser power requirements, earthshine, and starfield.

The basic assumption is

that the beacon acting alone should produce enough power at the vehicle's

tracking error sensor so that a reasonable S/N is obtained for tracking pur-

poses. While high power will be required for the deep-space condition, much

lower and more practical power levels will be required in the satellite.

Table 5-6 indicates the laser requirements to achieve a S/N of 6

at 20~ and 2~cps bandwidth with no background light present.

Indicated also

is the power level required to attain S/N of 6 at 20 cps in the presence of

one square degree of earthshine.

with available lasers.

The indicated power levels are attainable

TABLE 5-6. Beacon Power Required to Simulate i

10® Mile Condition at 20 x 10> Miles

With Transmitter Beamwidth of 5 Arc- :

' Seconds !

i : |
! A(A) 6328 8400

t
=

" Laser Beacon Power for
. S/N =6 @ 20 cps

Laser Beacon Power for
8/N=6@ 2 cps

Laser Power Required for
S/N = 6 @ 20 cps with One
Square Degree of Earthshine

28 microwatts
2.8 microwatts

21 milliwatts

240 microwatts

24 microwatts

66 milliwatts

PN | NN
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It is desired to simulate the earthshine condition corresponding
to a deep-space condition where the earth subtends a particular angle. This
will be nearly the same as that existing in the satellite field of view cor-
responding to the equivalent angle. This is true if the earth is considered
to be a uniformly illuminated disc since the brightness of the earth would be
constant. Hence, earthshine effects are readily simulated by field stop ad-

justments in the satellite.

Although starfield background will not be a function of range, a
minor problem will be encountered if it is desired to simulate deep-space con~
ditions where a stellar field beacon background exists. This is because the
earth's angular subtense will be 20 degrees and it will be required that the
stellar background light be somehow optically superimposed on the beacon image.
Since stellar light contributions have been shown to be relatively negligible,
the evaluation of stellar degradation effects by the satellite experiments is

considered unnecessary.

The experiment shall evaluate: (1) the ability to locate the bea-

con directly using large search field for various conditions of earthshine,

albedo, and S/N ratio; (2) the ability to acquire the beacon (or to stay ac~-

quired) as a function of earthshine conditions for various transmitted power

levels (or S/N) and for various fields of view equal to the earth's subtense

corresponding to deep-space conditions; and (3) methods of improving acquisi-

tion capability under adverse conditions of earthshine.

Let us now consider the proposed equipment for performing the

direct beacon detection evaluations. The scan method proposed is essentially
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one that is possible with a deep-space vehicle which points at the sun, off-
sets its receiver line-of-sight from this reference direction by a predicted
angle, and rolls about the reference axis while the telescope searches for the
beacon in a l-degree wide angular region of the sky. The predicted angle cor-
responds to the expected angular position of the earth with respect to the sun.
For the deep-space case the predicted angle could be derived from an on-board
computer but for the satellite it shall be provided by ground command. The
engineering implementation for the satellite is presented by the block diagram

in Figure 5-1.

The telescope 1s either caged or operated as shown to maintain it~
self along a particular vehicle axis direction. This axis is pointed at the
sun by means of a conventional sun seeker arrangement which supplies pointing
error signals to the satellite orientation subsystem. Rather than offsetting
the telescope line-of-sight to the predicted search angle, the fine sun sensor
is rotated by the illustrated ground control loop through this angle, causing
the whole vehicle to move with respect to the sun seeker LOS, as the vehicle
is controlled to maintain the fine sensor directed at the sun. When the correct
angle is achieved, a ground precess command is Introduced into the gyro whose
output causes the vehicle to move through the circular search zone indicated.
When beacon power is sensed by the telescope beacon sensors, the error signals
from these sensors are utilized to control subsequent telescope orientation.
When this occurs the satellite orientation subsystem recelves commands from the
telescope gimbal angle sensors and the vehicle is oriented to follow the tele-
scope. This maintains the telescope gimbal bearings within their restricted

motional range.
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The telescope 1s now receiving a beacon image at a wide field of
view error sensor consisting of an image splitting prism and a group of assoc~-
iated phototubes. The optical arrangement shown in Figure 5-3 features a mir-
ror with a hole positioned at a point of low effective focal length. This al-
lows use of reasonably sized elements to provide a wide field of view sensing.
More important, the full receiver light gathering capabilities are harnessed
by the wide field sensor as would undoubtedly be required to obtain high S/N
in a deep-space system. The coarse photosensors feed signal differencing elec-
tronics whose outputs could directly provide mispointing information to the
telescope gimbal servo system. If the telescope gimbal system requires a pro-
portional error signal for stabilization reasons, a deviation device (as shown),
driven by the difference signals, can be incorporated. This element will move
to place the beacon image at the apex of the coarse prism and the degree of
motion can be detected by a pickoff and used to feed the gimbal drive servo.

As the telescope moves into a position of small alignment error the deviator

will return to its zero position.

When the line-of-gight error of the telescope ls correct within
one minute of arc, the beacon image will pass through the field stop provided
in the mirror and light will reach the fine tracking semsor. This sensor will
provide pointing error signals to its transfer lems which will try to acquire
the beacon by centering its image upon.the prism apex. Since the natural field
stop provided by the mirror corresponds approximately to the earth's subtense
at 107 miles (2 arc-minutes), beacon detection and acquisition by the fine sen-
sor system simulates beacon detection in the presence of earthshine at this
large range. Transfer lens position and the difference signals can be ground

monitored to assess detection and acquisition capability.
5-21



Report No. 7846

PERKIN ELMER

wa3sdsqng Sulqoevag

"¢~ 2an81g

Iio08usg

Butyoeal, autg

10IITH

aosuag
Aod
- °PmM

/ EIGILOLS
& A (10T

TN SIS
LSOO FEEULTOA T/ T2V
\ DNV NS e DTULI IS
(veroxs’ / ‘4 () oz
X FZT 7L ey IPVULTON
TENLRULO A 2k Vak 2 L4 -
HTFLA T NV
DN NN G
(TA) &'&
PN FNTF DA
XOLE” .\SQINX\.VQ WBWW\IM\\M\&M
SOAONCXHINAS YV TR L] DMy
- TONE/S >
PONIAFAA/Z [
AW A& FAOHI (A o
ALIDOTZA X
SOINOH LT 7T
TENS/S
T COS FTIL HOLETLOY, FONZHZZAIE |
FALAZ A Tl
DN TS L L A
PO LT NI R
FALYT X
A ONOE
SOUNOYLOZ 7T y o
CAX'PS TYHEFWIS OL NOALISC X
TENE/E NONNF X
XOLE 7LV o
TIALYT X
y NOILISIAZOY
MO L pﬂq
HAOCH DA et e
NOLLIGOE X
SOINCOHLIZTF
SDUINCILIFTT
FOSNT= nes | e
75 FCA T FONFEIT AT |a
(ye-d Ty s
SO/INONLIZTZ |
2enNE/S
ol FONFHIIZC | g
Al LN X
PONZFAPATY
POLETO DN
SIONT = HINAS
2T/ A T
ONINING G -
) {7 e
(e aroot! — Zzy it -
NPATTTE _— FLTOAN =
FENLOLNSA QL AOLL 7 . <t
/ _ N T/ TN -
ONEs S 1 DAV N
LEINTY FOULION -4

5-22



RPERKIN ELLMERR Report No. 7846

The same process can be repeated to simulate performance at 108

miles by waiting until earthshine is naturally reduced by an appropriate

amount.

Subsequent to the foregoing procedure the field of view can be re-
stricted below 2 minutes with an adjustable field stop forward of the fine
splitter to assess beacon acquisition for the 107 mile case using field restric-

tion techniques for moderately low S/N conditioms.

Techniques for evaluating methods to improve beacon detection in
the presence of high earthshine will not be simple since the earth subtends
an angle of less than 2.5 minutes for deep-space conditions while the satellite
will view a 20-degree earth. One approach would be to demonstrate the princ=-
iples using the fine splitter and defocused beacon image to simulate an earth-
shine sensor which stabilizes the line of sight, (Refer to Figure 5-4). A
beam-splitter forward of the fine splitter could relay the beacon image with
earthshine to an image plane at a greater EFL which allows the use of reason-
ably sized elements required to accomplish desired ends. This method 1s pro-

posed for the Optical Technology Satellite.

Of the several techniques under consideration the following seems
appropriate. (Refer to Figure 5-5). An auxiliary beam~splitter, associated
photosensors, and very low bandwidth circuitry could be utilized to slowly
drive the auxiliary beam-splitter apex into coincidence with the beacon image.
The use of low electronics bandwidth results in improved beacon detection
signal-to-poise ratio at the expense of longer beacon acquisition time. With

this approach, earth tracking sensors could stabilize the nominal vehicle
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receiver line-of-sight towards the earth and a gyro could furnish a rotation
stabilization reference. In the case of the satellite, this rotational refer-
ence element might be the gyro ordinarily used during acquisition scan, pro-

vided the scan offset angle is reduced to zero prior to this operational mode.

After the auxiliary beam-splitter apex is coincident with the bea-
con image, an associated field stop could reduce the background light. Then,
the receiver-transmitter transfer lens position can be controlled by the auxil-
iary beam-splitter photosensor output signals (processed by higher bandwidth
circuitry) to maintain the image at the apex. Subsequent shift of the auxil-

iary beam-splitter back to an on-axis position can re-establish alignment be-

tween the receive and transmit lines-of-sight.
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SECTION VI

TRACKING EXPERIMENTS DISCUSSION

6.1 TRACKING ACCURACY DEPENDENCE ON SNR

One of the basic questions involved in the tracking of an earth
beacon by a deep-space communication antenna is the relationship between re-
ceiver characteristics, power density at the receiver antenna, noise due to
background illumination, photon discreteness, and detector noise contributions.
This section examines the question for the case of a single-axis tracker
utilizing image splitting and differencing techniques to derive pointing
error signals "“proportional” to the degree of mispointing:. Evolved is an ex-
pression relating rms tracking error to receiver resolution and signal-to-
noise ratio for a diffraction-limited system with a clear circular aperture,

The result:
RMS Pointing Error = l.-.%Z-L (s/m-1

~where A is the wavelength of light,
D is aperture diameter} and

S/N is the signal-to-noise ratio of the system,

can readily be extended to predict the ultimate limit of tracking performance

for the case of centrally obscured apertures.

Consider a single-axis tracking sensor (as shown in Figure 6-1)

consisting of a diffraction-limited optical system with aperture diameter D
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and focal length f, a two-sided roof prism at the focal plane, and two photo-
sensors whose output signals are subtracted to derive the pointing error signal, E,
in electrical form. Assuming that the source to be tracked is either coherent

or monochromatic with an angular subtense at the receiver which is small com-
pared with receiver resolution, then the image of the "point" source in the

focal plane will be the familiar Airy diffraction pattern. Figure 6-2 indicates
the variation of image light intensity for the case of a clear circular aper-

ture: i.e. (Reference 29, pages 6-81 and Reference 30, pages 394-396),

23(£) ] 2
W O {—-f

.
3

where £ equals OR 2x

J1 is the first order Bessel function;
R is the aperture radiusj;
p is sin 9, the sine of the angle of deviation; and

I, is the intensity at the center of the circularly

symmetrical image.

This may be expressed in rectangular coordinates

(2) ..ILE)__ = A = YZJ]. (u2 + V2) 1/2 2
L 7 [ @) 12

with the y axis as the axis of symmetry, and integrated to find the amount of
energy on one side of an arbitrarily positioned boundary line parallel to the

U axis

| 2
(3 1= jf ’ e ZJl-( “uZ + VZ) dv du
- oo -oo ' \[;7‘;f;2"' ;
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This result 18 shown graphically in Figure 6-3" while Figure 6-4 indicates
the rate of energy transfer across the boundary as a function of U (the

boundary location)

(4) % =_/+m 2 (Vo2 + 2)) % gy
- oo V 12 4+ v2

Since the angular radius of the first dark ring of the diffraction pattern is
not affected by focal length but depends simply on the aperture diamater,

change of focal length simply results in proportional changes in image size.

Consider now the tracking error semsor of Figure 6-1 with a total
received power S from the distanft beacon and a total rms noise power N expres-
sed.in terms of equivalent beacon received power. With correct poiﬁting, the
two photosensors receive equal quantities of light and the electrical error
signal output E will be null., Mispointing upsets the light division and causes

the signal E to depart from null,

The sensor can be kept pointed at the beacon by incorppratiﬁg a
servo system which receives the signal E and acts to maintain it at null by
controlling receiving antenna orientation. However, even a perfect servo
cannot distinguish between fluctuations in E caused by noise, and signal

fluctuations due to mispointing. The servo will, therefore, act to maintain

*These results have been obtained by W.H.Steelgl, who has also derived similar
results for centrally obscured circular apertures.
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@;}yw ’

E at null regardless of the source of fluctuation and noise® will cause un-

wanted motions of the receiving antenna.

The magnitude of these motions can simply be determined from a
knowledge of the S/N ratio and the energy transfer curve derived previously.
A straight line approximation to the energy transfer curve of Figure 6-3 in-
dicates that the transfer rate at the null position is equivalent to total
energy transferred for an angular motion of approximately 1.22 A/D. An rms
noise of N, therefore, will cause the system to have an rms pointing error

of:

This expression is nearly correct for reasonably high signal-to-noise ratios
(viz: 8/N 2 10). As the S/N ratio is lowered, the expression becomes optimis-
tic (due to greater departures of the straight line approximation from the
actual energy transfer curve) and more accurate results can be obtained if
desired with other than the simple slope approximation used above. The effect
of aperture diameter D on system performance**is not immediately evident from
equation (5) since S/N ratio may also be a function of D. Three cases shall
now be considered: .

(1) For systems which are limited by noise in signal (due to

photon discreteness), larger apertures will act to increase

*While filtering (or bandwidth restriction) can be introduced to decrease the
amount of such motion, the bandwidth cannot be reduced to zero without making
the pointing system insensitive to the frequency range of expected input dig~-
turbances. A compromise bandwidth based on any of numerous criteria32 ig
usually chosen to minimize noise effects while maintaining satisfactory servo
response. ,

*%*The variations of aperture diameter as a function of wavelength and weight are
developed in Appendix C,
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+
S/N ratio directly with aperture so that pointing perfor-

mance increases as the square of aperture diameter.

(2) For a system which is detector noise limited wherein
noise is a constant, S/N ratio will increase as the square
of D and, therefore, pointing performance will increase

as the cube of D.

(3) For a gsystem that is limited by distant background noise
(such as may be the case for earthshine, which contains
solar modulation componenté), the S/N ratio is unaltered
by aperture diameter and pointing performance increases

directly with D.

It is also clear that failure to achieve diffraction-limited operation (viz:
focus errors) will degrade pointing performance through reduction of the energy
transfer rate. Centrally obscured optic systems which contain a smaller frac-
tion of their total image power in the central portion of the diffraction image
will similarly suffer, Figure 5 of Reference 31 contains energy transfer
curves for the cases where the obscuration diameters are 1/2 and 1/3 that of

the total aperture. These are auplicated here as Figure 6-5.

6.2 TRACKING TO 1/10 OF AN ARC-SECOND

A technique for optical tracking to 1/10 arc-second is illustrated
in both block diagrams shown in Figures 6-6 and 6-7, With reference to the
first block diagram in Figure 6-6, it is assumed that the satellite orientation
subsystem can coarse position the satellite. The commands for the satellite

orientation subsystem originate in the acquigition subsystem which is discusgsed
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Figure 6-5. Energy Transfer Across A Knife Edge At The
Image Plane Of A Circular Aperture

in more detail in Section 5 of this report. For the moment assume that it is
possible to acquire the earth beacon inside a l-degree field of view., At

this point, the tracking operations are ready to begin. The angular rates
that will be present during the tracking operation from the synchronous satel-
lite will simulate the rates an operational spacecraft communication system
will encounter in deep space, as shown in Appendix B. The ground laser beam
will propagate through space and enter the telescope, impinge on the primary
and pass through the optical element shown as the two-axis transfer lemns.

This received beam then is passed to the cube corner prism via the beam split-
ter. With the earth laser image some place within the l-degree field of view,
but not centered to a tenth of an arc-second, the ground beacom image will
appear on one of the faces of the cube corner prism. The photomultiplier

tubes shown schematically in the block diagram then would generate unbalanced
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signals which, in turn, are fed to the four-quadrant detector. The four-
quadrant detector processes the signals from the four photomultiplier tubes

and generates up-down and left-right commands which are passed on to the very
fine pointing subsystem, which iﬁ turn controls the X-Y position of the two-
axis transfer lens. Thus, the ground laser image generates\the signals in

the four-quadrant detector to control the two-axis transfer lens motions in
such a manner that the image of the ground beacon is rapidly centered on the
nose of the cube corner prism. At that time, the signals from the four photo-
multiplier tubes are balanced and there is no up-down command or left~-right
command to the two-axis transfer lens. Thus, the line of sight of the received

system of the telescope on the spacecraft is now pointing directly at the ground

station heacon.

The degree of accuracy of this pointing system, which is identical
in form to the pointing system used on the Stratoscope II, is determined by the
gain of the loop from the transfer lens to the cube corner prism through the
four-quadrant'detector and back to the transfer lens through the very fine

pointing subsystenm.

"The 0.1 arc-second tracking which is desired can be compared with

the 1/50 of an arc-second pointing demonstrated by the Stratoscope II System.

However, in Stratoscope II the pointing signals originate in stars,
while for OTS the signals originate in ground laser beacons. Also, there is
no requirement for a transmit beam on Stratoscope II. Observe that with the
telescope optical system lined up so that it is pointing directly at the apparent

1ine of sight of the earth beacon, the transmit laser beam goes through the
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identical two-axis transfer lens and the identical optical system. Therefore,
the transmit laser should be pointing in exactly the same direction within the
accuracy of alignment of the received system to the transmit system. Note
that in Figure 6-6 there is no point-ahead capability. That is, the transmit
laser signal is passed through the telescope optics exactly in line with the
receive beam from the earth's beacon. Since the satellite is at a substantial
altitude, there will be a .l-second transit time involved for the energy to get
from the transmit laser on the-ground to the received system on the saﬁellite.
Also, the satellite transmit beam will propagate down in a similar period of
time. Due to the relative velocity of each station with respect to the other,

~ there will be an angular displacement of the beam in each case. Thus, the
beam that is transmitted down to the ground will not be centered on the ground
station due to this relative motion between the earth station and the satellite
station. This is the essence of the point-ahead problem for optical communica~-

tions in space.

While it is possible to point the transmit beam ahead by the neces-
sary angle (so that the transmit beam is received on the ground at the ground
transmit station), the point-ahead equipment is not provided in the simple
telescope. The point-ahead shbsystem is in telescope 2, shown in Figure 6-7,
The point-ahead equipment is intentionally excluded from telescope 1 in order

to avoid complexity.

The technique for receiving the beam from space back on the ground
at the receive telescope for the apparatus involves the translation of the

transmit laser on the ground at an offset to compensate for the relative
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motions (and transit times) between the satellite and the earth. The beam
interlocking operation would then consist of translating the mobile trans-
mitter beam until the down going beam is received at the ground telescope with
maximum amplitude. This complexity in the ground station equipment is the

price that is to be paid for the simplicity in telescope 1 on the satellite.

The transmit laser output is shown modulated by the modulator
block before it is transmitted through the beaw-splitter and the two-axis
transfer lens and then down to the earth station. The input to the modulator
block is shown as either a ten-megacycle signal generator or it can be the
output from the diagnostic electronics equipment. This 1ést output is normally
being transmitted down to the earth on the microwave telemetry signal, but
it could be switched in as the input to the modulator on command. 1In this
manner the diagnostic information can be transmitted to the earth on the

optical beam and the microwave telemetry power turned off.

In the previous discussion, it was shown that the received signal
from the groundrlaser beacon arrives at the cube corner prism through the
transfer lens to effect the fine pointing to the apparent line of sight. This
same signal is transmitted through a narrow-band dielectric filter in order to
filter out the unwanted earthshiﬁe background illumination. vThe narrow-band
dielectric filter ig shown in this block diagram arrangement because it is a
high efficiency bandpass filter that has a high transmigsion within the pass
band and at the same time a high rejection outside the pass band. This filter
was chosen in preference to other narrow bandpass filters for this application
because of its egtreme simplicity. While it is true that the filter does not
have a bandpass as narrow as one might desire, for the distances and powers

involved in the Optical Technology Satellite, there would be adequate signal-
6-14
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to-noise ratios. Other filters with a narrow pass band, such as the mica

filter or the Lyot filter, would be evaluated on the more sophisticated test

bed of telescope 2, which is shown in Figure 6-7.

The signal from the earth station beacon arriving at the nose of
the cube corner prism also passes through a polarizer which has a fixed orien-
tation with respect to the satellite structure. The function of the polarizer
at this location in the received beam path is to develop rotational references
about the line of sight to the ground beacon. It can be assumed that the
ground laser has a plane of polarization which can bg rotated about the line
of sight to the satellite on the ground by rotating the entire laser asgembly.
The beam from earth which arrives at the telescope is also plane polarized,
and rotation about the line of sight will cause the signal received by the
satellite to vary in intensity as a function of the angular rotatipn about the.
line of sight. This is due to the polarizer element. Note that the output
signal from the four photomultiplier tubes is fed to the sum signal amplifier.
The output from the sum signal amplifier goes through the demodulator and de-
tector and then to the rotational line of sight detector. The rotational line
of sight detector, in turn, controls the roll gimbal so thgt the signal received
by the detector is held at éfmaximum. Using this technique, the rotation about
the line of sight can be held to the rotation angle commanded by the physical
orientation of the plane polarized beam from the ground laser to within 0.05
degree. The degree of precision required for this rotation about the line of
sight is considerably less than that required for the point ahead of the trans-
mit beam. Based on calculations for the deep-space case, however, the precision

involved for the alignment about the roll axis is this angle of 0.05 degree.
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Note that when the azimuth and elevation gimbals are approaching
the ends of their restricted motional range, signals should be generated and
passed over to the satellite orientation system to cause the satellite to re-
orient and center the gimbals within their freedom of travel. This is shown

on the block diagram as output signals going from the gimbals to the satellite

orientation system.

Note that during the operation of the acquisition subsystem the
gimbals should be caged. This is shown on the block diagram as an output

signal from the acquisition subsystem.

The earth beacon signal as received on the satellite is summed after
the four photomultipliers at the sum signal amplifier and after demodulation
and detection is sent back down to earth via the microwave telemetry signal

for analysis on the earth,

This concludes the functional description of the basic operations
of the precision tracking system as indicated by the blocks and subsystems of
Figure 6-6 and in more detail in Figure 5-3., In summary, the acquisition sub-
system generates the commands to the satellite orientation subsystem which
points the telescope in approxiéately the right direction., Then the very
fine pointing system takes over and controls the telescope pointing arrangement
to aim the telescope to the apparent line of sight to the ground station as
received in the satellite, The transmit beam, in turn, is sent parallel to
the received beacon, If no transit time delays were involved, the transmit
laser output from the satellite would be received at the same ground station

as was used for the ground transmitter beam. However, because of transit time
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delays at synchronous orbit altitudes, there is a physical separation between

the beams received and transmitted by the ground station.

Note that in the description above we have the very basic principles
of operation for the precise tracking operation. A ground beacon is used and
the satellite has an optical receiving system so that it can line itself up
with respect to the ground beacon. This is the line of sight. Then the trans-
mit beam is passed back through the same optical system. This beam is colinear
with the received beam for the rudimentary system described above. If the re-
ceiver system can hold the image of the ground beacon stably centered on the
nose of the cube corner prism so that the line of sight is independent of
reasonable disturbances due to vibration and motion of the telescope structure,
then the transmit beam would pass out from the satellite with that same degree
of stability. The fundamental problem that is not treated in this basic block
diagram (Figure 6-6) system is the problem of point-ahead for the deep-space
communication system. As noted in the above paragraphs, the transmit laser
beam from the satellite would intersect the earth's surface at some distance
from the point where the transmit laser from the ground station had transmitted
the signal to the satellite. For the case of the synchronous orbit, the linear
translation of the satellité“s transmit laser beam and the earth station's
transmit laser beam is some 2,000 feet. For the distances involved in deep
space, the transmit beam from the satellite would be 16 thousand miles away
from the ground station if some provision were not incorporated into the point-
ing system to take into account the effects of the transit time. However, for
the satellite demonstrations in the simple case, the point-ahead system is not

included in order to keep the basic telescope arrangement as simple as possible.

6-17




PERKIN ELLMER
Report No., 7846

The second telescope, which is shown in Figure 6~7, aboard the same satellite
does have the necessary point-ahead system. Figure 6-8 illustrates in

more detail the arrangement that could be used to point ahead. As shown for
the satellite case, the point-ahead command arrives at the satellite from the
ground via a microwave link. For a deep-space case, this same principle could
be applied, or the data could arrive at the spacecraft via the earth-to-gatel-
lite optical communications channel, or it could be stored aboard the spacecraft
since the point-ahead angle is a slowly changing number. The implementation of
point-ahead is accomplished with a transfer lens as shown in Figure 6-8. This
equipment is aboard telescope 2. Other point-ahead mechanisms are indicated

in Figure 6-7 for experimental evaluation if necessary.

The number of experiments that could be conducted in the simplified
optical communication arrangement shown in Figure 6~6 is limited. This is due
to the basic concept of making one optical and communications telescope as
simple as possible in order to obtain the highest reliability. The minimum
number of experiments that would be useful for the basic demonstration is 1/10
of an arc-second of pointing and 107 cycles per second of communication. In
contrast to this limited experiment approach, the second telescope aboard the
same satellite is a soPhisticatéd test bed and permits the conduction of a
larger number of experiments to coliect the engineering and scientific data
which would permit the establishment of the feasibility of optical communica-
tions for deep-space applications. The block diagram (Figure 6-7) sghous
the general arrangement for the more sophisticated test bed. It not only pro-
vides the same basic functions as the simplified version but, in addition, has

the elements neéessary for the conduction of tests simulating the conditions
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encountered for a deep-space mission. Thus, there are two fundamental differ-
ences between these two block diagrams. The block diagram in Figure 6-7 pro-
vides for point-ahead operations, which are mandatory for deep-space communica-
tions, but not required for near-space missions. The second basic difference
between the two block diagram is the number of parallel subsystems. These
would be evaluated on the Optical Technology Satellite whenever necessary in
order to determine which of the subsystems provides the highest performance
and most reliable operation over the long-term life of the satellite. For
example, a number of different lasers will be used in the transmit mode from
the second optical communication package while in the first optical communica-
tién package only a single laser is chosen. In a similar manner, various
techniques of beam deflection, telescope suspension, pointing, LOS guidance
data generation, and narrowwband filtering are indicated. The second test

bed has the capability of conducting heterodyning experiments in space. Also
shown in Figure 6-7 are those elements which are needed to conduct the recom-
ﬁended experiments. For example, different aperture stops are indicated.

These would be ugsed in the scintillation experiments.

The very fine pointing system accepts bias signals to generate a
scan pattern. A precise scan paftern deflection of the transmit beam permits
the performance of the optical system in space to be evaluated on the ground.
In-flight alignment and focus subsystems which are necessary for deep-~space mis-
sions, but which were omitted from telescope 1(Figure 6-6) for reasons of sim-
plicity, are included in telescope 2 (Figure 6~7). The transmit optics mwst
be aligned to the receive optics after launch and several additional times

during a long duration operation in space.
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Different modulation techniques are also planned as part of the
experiments and therefore transmit laser A is shown with modulator A and trans-
mit laser B is shown with modulator B. The intent here would be to evaluate
the capabilities of each of the modulators and modulation techniques in terms ;:

of the most efficient operation of the communication system.

Since telescope 1 (Figure 6-6) is the design for the simplest
operation of the optical communications system, it does not include all the
elements necessary for a deep-space communications system; and since

A

telescope 2 (Figure 6-7) is a test bed for a number of different experiments,

neither system will be an operational one for deep-space missions. The deep~-
space optical communications telescope is shown in Figure 6-9. Note that thisi
is basically the same as Figure 6-7, but the equipment for testing alternate '1

subsystems and conducting scientific experiments has been removed.

Figure 6-10 shows the ground station block diagram. 1Its operation-

al principles are identical to the space-borne telescopes 1 and 2.

6.3 TRACKING IN THE PRESENCE OF SPACECRAFT MOTION DISTURBANCE

In the environment of any space-borne laser communications systems‘
disturbing forces which, if épplied direcfly to the telescope, can alter the
pointing direction sufficiently to degrade or disrupt communications will |
necessarily exist. The use of laser beams for communications across deep-space
distances will be feasible only if reliable acquisition and tracking functions »

can be demonstrated in the presence of motion and vibration at the levels likely

to be encountered.

The spacecraft will transmit disturbances to the telescope through

the suspension system unless special techniques are applied to isolate the
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telescope from the structure. These disturbing forces may arise from the move-
ment of personnel or equipment within the spacecraft or from outside environ-
mental factors. At any given moment, these motions or vibrations may be con-
sidered as rotational accelerations applied around each of the three axes of
the telescope suspension system, or as translational accelerations along each
axis. The degree to which these accelerations are transmitted to the telescope
depends upon the compliance of the suspension system. This system must be soft
enough to isolate the telescope line of sight from motion disturbances present
in the spacecraft but yet be firm enough to provide the reaction base for tele-

scope steering torques when required.

The acquisition process is less sensitive to smali disturbances
in the optical pointing direction than is the tracking process, since acquigi-
tion involves a wider field of view (i.e., 1 degree). During tracking, the
field of view must be reduced to a few arc-seconds, and motion disturbances of
this angular magnitude are necessarily a part of the operational environment.
The extent to which tracking is affected depends not only on the degree of
isolation provided by the suspension system, but also on the characteristic
servo response of the telescope tracking system., The response bandpass must
encompass the residual motions transmitted to the telescope through its suspen~

gion system.

Experiments must be carried out with the Optical Technology Satel-
lite equipped to simulate vehicle motion in order to determine the effect on
spacecraft tracking. The satellite would have the following devices capable
of producing vehicle motions in each of the three rotational degrees of free-

dom of the telescope suspension systém. Vibrational motion could be produced
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by three orthogonal electro-magnetic force transducers, similar to small con-
ventional test shakers. These would be attached to the satellite structure
at points which would maximize the acceleration applied to each rotational
axis of the telescope suspension system. The amplitude and frequency of the
output of the oscillator circuitry driving the shakers would be controllable.
Transient step motioq disturbances would be simulated by the use of inertia
wheels and/or reaction jets mounted to the vehicle structure. Rise time and
amplitude of the generated pulse would also be capable of variation over a
given range. Angular and translational accelerometers, which would sense
accelerations along and about each suspension axis, would be located on the

spacecraft structure at the telescope suspension attachment points.

The microwave telemetry link would be used to select the desired
motion generator and the desired output in terms of amplitude frequency or
pulse shape. A pre-programmed test sequence, on the other hand would require
only an initiation command. The output from the three accelerometers would

be relayed to earth for evaluation.

After the basic acquisition and tracking demonstrations have been
carried out, the torque disturbances would be introduced while the satellite
was in the tracking mode. A harmonic frequency response test would be con-
ducted for one axis at a time at a constant amplitude., Next, step inputs for
each individual axis would be generated by the reaction jets or inertia wheels.

The angular acceleration applied to each axis would be monitored by the acceler-

ometers.

The effect of simulated vehicle motion on tracking would be deter-

mined in a manner identical to that used in the 0.1 arc-second tracking demonstration.
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An array of ground stations would be spaced to permit the measurement of
the direction and extent of beam shift along the ground caused by the vehicle
motion. Severe disturbance would lead to an interruption in communications and

would necessitate re-acquisition.

After data on the degradation of single-axis tracking performance
had been obtained, the tests would be repeated for disturbances simultaneously

produced about each of the three axes of rotationm,

6.4  SUSPENSION SYSTEMS COMPARISON

The suspension system required for the spaceecraft telescope must
meet geveral requirements. Ideally, the suspension would be infinitely com-
pliant around one rotatiomal axis in the gimbal system but would have suf~-
ficient stiffness in the other rotational directions to permit the transmission
of restoring torques through the gimbals to the telescope. High compliance
around the axis of rotation isolates the telescope from space vehicle motion

and also reduces the torquer power required to drive the system to null.

Although the space environment introduces some limitations'not nor-
mally encountered, it also opens up a number of new design approaches. Low
temperatures and high vacuum maﬁe the use of lubricated bearings considerably
more difficult, for example. However, greater compliance is possible since
the suspension system need not be designed to carry gravity-induced loads.

The spring members in a flexure suspension system could therefore be much
lighter and more flexible. However, the weight component which functions use-
fully to offset the spring restoring force as in the Stratoscope II flexure

suspension sysiem would be absent, tending to reduce system compliance. This
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opens up the possibility of using a magnetic suspension system. Many of the
problems of mechanical suspension systems might be overcome in a weightless

environment by the use of a magnetic suspension system,

The performance of the two most promising suspension systems con-
sidered to date for the experiments on the satellite can only be fully evaluated
in a weightless environment. Several alternate means of mounting the two
32-inch telescopes aboard the OTS are possible. The flexure suspension system,
which appears to be the most reliable, will be used in telescope 1, whereas
a more unorthodox suspension system, such as the magnetic suspension system,
would be used with telescope 2. The approach here is to mount telescope 2 on

a single set of gimbals which could be alternately suspended by either flexures

or magnetic fields.

Per formance evaluation would consist in determining which suspension
system transmitted the least vehicle motion and which system led to the least
consumption of power. Rotational and translational accelerometers would be
located on the telescope and the outputs from these would be compared with the
measured accelerations applied to the suspension system. The torquer power

would also be measured for each system in normal operation.

The comparison between suspension systems would be made in conjunc-
tion with the previously described experiment which demongtrates tracking capa-

bility in the presence of spacecraft motion disturbances.
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6.5 FOCUS AND ALIGNMENT TECHNIQUES
The successful operation for both the Optical Technology Satellite
communications system and an operational communications system critically de-

pends on the ability to:

(1) Focus the vehicle receiver optics so that a sharp

image is available for beacon tracking purposes;

(2) Focus the vehicle's transmitter optics to avoid widen-
ing of the transmitted beam, which would result in

reduced signal power at the ground detectors; and

(3) Align the transmit and receiQe‘optical systems to
each other to achieve precise ZeIO< point-ahead condi-
tions so that point-ahead angles can be accurately re-

ferenced..

Basic teéhniques for doing this can closely parallel methods now
in use on the Stratoscope II equipment (See Figure 6-~11). When guiding on a
star in Stratoscope II, the star image is formed at the nose of the pyramidal
gshaped prism. Pairs of photosensors receiving light from opposite faces of
the prism produce electrical difference signals when the image is‘not centered.
These difference signals are utilized to drive the transfer lens in such a
direction as to center the image on the prism. When the image is sharply
focused, minute motions of the transfer lens will upset the balance of light
between the photosensors. For poor focus conditions, the image at the nose of

the prism is larger, and hence larger transfer lens motions are required to
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produce the same light imbalance, and hence an equivalent electrical difference

signal, as for a sharply focused image.

If an electrical (dither) signal of fixed amplitude and frequency

is introduced into the servo loop during tracking, the transfer lems will move

to maintain the net signal to the drive circuit at null.

This will require

the smallest transfer lens motion for conditions of best focus. Therefore,

the transfer lens velocity pick-up has the smallest output at best focus and,

when monitored during focus adjustment, it detects proper focus setting. This

focus setting is at the precise location where the velocity signal has the

smallest output amplitude for a fixed dither amplitude.
this technique achieved a focus condition corresponding

quality. This degree of focus alignment is required by

Satellite.

The foregoing technique can be harnessed to

optical system.

On Stratoscope II,
to near optimum image

the Optical Technology

align the proposed

I1f one considers the'optical arrangement shown in Figure 6-12, three

basic steps could be performed to focus both the receiving and transmitting

optics and to align the two linés of sight. These steps are as follows:

1. Position the collimating adjustment lens to obtain

coincidence of its focal plane with the apex of the

fine beam-splitter. 1In principle, this can be accom-

plished through the use of an auxiliary slit source,

the fine beam-splitter, and a controlled tilting mirror.
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Light from the source passing through the collimating
adjustment lens will be reflected by the mirror and

will pass back through the lens to form an image. If

the auxiliary source and the beam-splitter lie in a

plane normal to the lens axis, the image will also lie

in this plane when the lens is properly positioned.
Coincidence between this image and the fine beam-split-
ter apex can be obtained by controlling the tiltable
mirror via pointing error signals generated by photo-
sensors associated with the fine beam-splitter. Sub-
sequent introduction of a dither signal into this control
loop will cause the tilt mirror to oscillate angularly
(and move the image in a manner similar to that éaused
by the Stratoscope II transfer lens), and best image
focus is obtainable by positioning the collimating ad-
justment lens to obtain minimum amplitude (or rate) of
mirror motion. When this condition is achieved, a beacon
image will be sharply focused at the fine beam-splitter
apex only when the.received light forms a collimated

bundle incident on the collimating adjustment lens.

The foregoing procedure is oniy required to permit sub-
sequent transmitter optical system adjustment by the

method to be described.

2. Focus the receiver optical system. . As in Stratoscope II,

this can be accomplished during tracking of a strong ground
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beacon,with the fine beam-splitter controlling the trans-
mitter-receiver transfer lens, by the introduction of
electrical dither into this transfer lens loop. The
receive focus element would be adjusted while the trans-

fer lens velocity pickoff is monitored.

3. Focusing of the transmit optical system. For this opera-

tion the cube corner retroreflector introduced at the
point shown in Figure 6-12 will reflect transmitter light
back to the receiver prism. The transmitter transfer
lens can now be controlled by the photosensors associated
with the fine beam-splitter to center the laser image at
the beam-splitter apex. Dithering the transmit transfer
lens can now be performed as in previous cases to estab-
lish good focus conditions for the transmit system. If
the dither signal is now removed the transmit transfer
lens will be maintained in a position corresponding to
alignment between the transmitter and receiver optical
systems. This transfer lens position can be sensed and
monitored by téiemetry to establish the position cor-
responding to alignment. This is illustrated in Figure
6-8, the transmitter transfer lens control system block
diagram, where the transfer lens position is controlled
by the error signals (generated by the fine beam-splitter
photosensors) to maintain the laser image at the beam-split-

ter apex. In this aligament mode, the digital register
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setting can be controlled from the ground to obtain a

null between its analogue voltage counterpart and the
position pickoff signal. At null, the digital register
setting corresponds to that required to re-establish
optical alignment between the transmit and receive lines
of sight when the transfer lens is later positioned to
follow ground commands as introduced into the register.

In this alternate mode of operation, the ground operator
changes the digital register setting by an amount cor-
responding to the point-ahead angle desired. The analogue
command derived from the D-A converter is then compared to
the position pickoff signal to derive the pointing error

signal required to correctly reposition the transfer lens.

These focus and alignment techniques are presented to indicate the
feasibility of a system alignment in space without the need of large flats of
full gperture or other arrangements which would make alignment a more formid-
able task than necessary. Once aligned in space, the system should not re-

quire readjustment over substantial periods of time.

6.6 OPTICS TECHNOLOGY EXPERIME&ES

Future optical instruments in space will need optical systems of
large aperture. There is considerable discﬁssion already in the technical
journals33 and in scientific committees about 100-inch diameter (and larger)
diffraction-limited systems in space. Systems of the future will certainly
include.l-meter diameter apertures (diffraction-limited) and may include systems

in which the diameter is up to 400 inches. But the persistent question that
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remains for all the individuals concerned with designs relating to large aper-
ture optics is: "How well can one achieve diffraction-limited performance
in practicé in space as compared with how well can we design these systems

with our mathematical modeling techniques?"

Those unknown factors which reduce the optical perfection of the
system must be considered by the engineers and decision makers. To have a
diffraction-limited optical system in space with a convenient and precise
technique of measuring the degradation of optical performance in the presence
of controlled disturbances (thermal, mechanical, dynamic and electronic), and
over a period of time sufficient to measure and control degradations due to
the space environment, is unquestionably a key to our rate of progress in

space exploration.

The laser telescope system required aboard the Optical Technology
Satellite for laser communications development is nearly identical to that
required to provide such an impetus for optics technology in space. For example,
the aperture size is of the right order of magnitude. With apertures much
smaller than 1 meter one would generate little additional information. Aper-
tures much greater than 1 meter present practical problems of implementation

for the 1965-to-1975 period of time.

Consider the ease with which the performance of the optical system
is measured when that system has a laser at the optical focus point and the
laser beam is viewed on the ground. The Airy disk for the optical system is
now measured by the radiated intensity pattern as received at the ground

terminal. The radius of the first dark ring of this disk for the equipment
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under consideration is 100 feet (for a range of 20,000 n.m. and a resolu-

tion limit determined by the aperture of 1 meter). The pattern of the intensity
inside the first dark ring, and outside the first dark ring to perhaps the

gixth ring, can be established as the parameters of interest are varied under
ground control., The space optical beam is precisely programmed in angle from
the received line of sight as indicated in the discussion of telescope 2.

Simple intensity measurements on the ground angle-correlated with the deflec-
tions of the down going beam will provide the intensity profile of the beam.

The point-éhead subsystem required for optical communications in deep space

is used to provide the angular deflections in accordance with ground control.

Questions of basic mirror structure can be answered as the para-
meters are varied. Mirror configurations based on solid fused quartz designs
or egg crate approaches in quartz or beryllium can be evaluated. Even pellicle
mirrors can be assessed in the space environment. Much valuable data on mir-
ror performance in gravity free environments, at varying temperatures, with
varying lateral temperature gradients, and on reliability lifetimes in the
presence of cosmic rays and vacuum can be obtained. There will be no
scattered light from dust or gas molecules to limit performance. The instru~-
ment can be designed to limit the scattered light from the internal instru-
ment surfaces to a value determined only by the skill of the designer. The
techniques of detection which will be developed for laser communications
systems will be useful in many areas of optical technology. If the quantum
efficiency of detectors can be improved by the utilization of space worthy
cryogenic techniques (such as passive radiant cooling or ablative cooling of

the detectors), these improvements will certainly advance optical technology.
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While the optical communication detectors considered for the Optical Technology

Satellite do not require cryogenic cooling, the gallium arsenide laser sources

may require thié cooling.

Using these experimental techniques and analyzing the data collected,
the sensitivity of the optical performance to the disturbances can be precisely
determined in a most practical manner so that guide lines for the design of
future astronomical instruments in space can be egstablished. Transfer function
responses of the optical system can be determined by reduction of this data
so that future reconnaissance systems for either extraterrestrial or terrestrial

.missions can be developed from measured data.
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SECTION VII

PHOTOMETRY CONSIDERATIONS

The problem of earth beacon acquisition and subsequent tracking
from a deep-space vehicle was investigated in an effort to evolve reasonable
approaches. Since the major aspect of acquisition and tracking is the ability
to sense received beacon power in the presence of expected noise, the first
step in the study was the preparation of several nomographs allowing rapid
evaluation of the received beacon power and the expected ultimate in S/N due
to noise in signal (i.e., photon discreteness effects). Subsequent to this,
expected background light levels from planets, stars, sun and corona, and
earthshine were reviewed to assess their effects on achievable S/N ratios.
Very pertinent information in this regard was obtained from two existing docu-

34,35

ments and has been repeated for convenience. A quick survey of existing

gensors useful in the visible and into the infrared region of the spectrum re=~
vealed that very good performance summaries for infrared detectors exist36’6
but similar summaries for sensors ugseful in the visible and up to one micron
were not readily available.g Examination of the spectral responses of photo-
emissive surfaces revealed that the S20 and S1 surfaces are reasonably opti-
mum in the range of 0.32 to 1.0y, being exceeded only by a factor of two by

other available surfaces for only small portions of this range. Accordingly,

measured values of dark current for the 2-inch diameter RCA 7265 S20 phototube

at +25°C and -70°C were utilized to prepare a plot of "dark current equivalent
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input power" versus wavelength. Also included is a similar curve, for the

EMR phototube, prepared from manufacturer's published curves.

Examination of the results indicates the definite possibility of

acquiring the earth beacon directly without the necessity of involved scanning

operations. This conclusion is based upon the following assumptions:

(D

(2)
(3)

(&)

The earth beacon pointing direction is predictable,
based upon previous tracking data, to approximately
3.6 arc-seconds and the beacon beamwidth is in the

order of 10 arc-seconds (including atmospheric scat-

tering effects).

The vehicle receiver aperture area is in the order

of one meter square.

Approximately 10 watts of earth beacon power is

reasonable.

The angﬁlar position of the earth from the vehicle-
sun line is8 lmown correctly within one or two
degrees.

(<]

Calculations are shown for an earth beacon at the specific wavelength of 6328A

to demonstrate the feasibility of such an approach.
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7.1 MAXIMUM ACHIEVABLE SIGNAL-TO-NOISE RATIO

Fundamentally, the signal-to-noise ratio of an optical communica-
tion system is limited by the photon discreteness associated with light trans- 3
mission., The limiting signal-~to-noise ratio so imposed decreases as the total

transmitted light level is reduced.

The nature in which light level restricts performance can best be
established by considering the statistical uncertainty in determining average
light level by measuring the number of photons arriving at a sensor during a
finite sampling time At. If the average signal photon arrival rate is‘;s, pro-“
portional to intensity of illumination, and the average backgroundg%éoton ar-

— — @ by
rival rate is Ny, the total average number of photons N is given by: &\\

21

(D = At(Es + KB) _-A: At(n)

The actual number of photons N arriving during a single time inter-
val At, however, can be expected to differ from the average (due to random
changes in n with time) in accordance with the Gaussian probability curve of
Figure 7-1. Any attempt to determine a change of signal illumination Nc

— ®
(Nc Y AAns AOt) from a given level (NS) is thus subject to an rms uncertainty

of \N and, it follows that ifi
(2) N, >> \] N
measurement errors shall be small.

A figure of merit which, therefore, expresses the ultimate quality

or precision of meagurement is given by:
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(3) N At(An,)

where D will be called "detectivity factor". The maximum value of D is obtained

if it is assumed that N, is equal to the total signal N/ and there is no back-
ground light. For this case, the preceding equation reduces to the more famil-

iar expression for signal-to-noise ratio:
N _ _
= e = = At
(4) S/N ,Vgi_ VNS n
s
n

or (5), S/N 2

]

where Af is the equivalent bandwidth related to the interval, Ot by the expres-

1
sion 24t = AF

For the more general case where background light exists the signal-

to-noise ratio is given by:

N a
S/N = - o

ﬁ; + ﬁé V(;; + Eé)ZAf

Figures 7-2 through 7-4 were prepared to allow rapid evaluation of

signal-to-noise ratio (based on Equation (5) above) for the case of an optical
communications system utilizing a one-watt monochromatic beacon of specified

wavelength, beamwidth, and receiver range and aperture area.
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Figure 7-2 indicates the received signal power density in watts
per square centimeter per transmitter watt as a function of range and trans-
mitter beamwidth, assuming constant‘bower density throughout the beam.* Themﬂ

equation incorporated in the preparation of these results is:

' 1
(6) P, = P
R T
(R x ¢)2 —f_
where PR is the power density at the receiver aperture in

watts per square centimeter;

PT is the total transmitter power in watts;

R 1is the range from the beacon to the receiver in
centimeters; and

$ 4is the transmitter beamwidth in radians.

Selection of the aperture area in square centimeters allows total
received power to be evaluated and converted to photons per second through the

use of Figure 7-4, a graphical expression of the fact that one watt of power

is equivalent to _g ?photons per second**., Knowledge of the number of
10 ° he

*Note: 1f the power density in the beam corresponds to a diffraction-limited
CEéF952 distribution and the beamwidth is defined as 1.22)\/D, the
curves of Figure 7-2 are correct for approximately 2.2-watt transmit-
ter power.

*%Note: Where A is wavelength in meters, h is Plancks constant (6.6254 x 10"27

erg sec) and C is the velocity of light in meters per second.
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received photons per second and selection of a desired bandwidth Af allows the
use of Figure 7-4 to rapidly determine the S/N ratio identical to that obtain-

able from Equation (5).

7.2 BACKGROUND LIGHT LEVEL

While the S/N ratios of communications systems afe ultimately lim-
ited by the discreteness of photon flow, practically achievable S/N ratios may
be significantly lower than this due to the noise components introduced by back-
ground light (photosensors and subsequent electronics). Evaluation of degrada-
tions due to background light requires knowledge of the amount of such light
that is incident upon the photodetector from each of the many sources which
may appear, either wholly or in part, within the optical field of view. For
a deep-space communications system, the possible sources of background light
are energy from the moon, planets, the sun and its corona, the stars, and the -
earth and its atmosphere. The paragraphs below consider these sources and
present data which is useful in estimating the degradation of S/N to be expected

in a given system due to light from the aforementioned sources.

Farthshine and Earth Self Emission

A review of the orbital considerations of a deep-space vehicle re~
veals that the earth may appear either fully illuminated, as in the case of a
vehicle near Venus, at Venus inferior conjunction, or totally dark as for a
vehicle near Mars at Mars apposition. Further, a plot of a Hohman Elliptical
Trajectory to Mars, Figure 7-5 (Reference 34, page 7), indicates that earth-
shine will vary quite markedly reaching a nearly zero value at some point on

the trajectory. It is evident, therefore, that total received earthshine will
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be not only a function of distance but, in addition, a function of the phase
of earth illumination. TFor vehicle receivers with fields of view which include
only a portion of the earth, received background earthlight will be a function

of earthshine intensity adjacent to the earth beacon position.

I T T T T
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330 EVS, o -
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b ~—8 Sun
- .
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)
) - MVS ]
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2 20 |- ]
B EVM h
150 |- —
90 | 1 l | Lot
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. Time (Sidereal Years)

Figure 7-5. Angle Versus Time of a Spaée Vehicle Along
a Hohmann Elliptical Trajectory to Mars From The Earth

JFigures 7-6 (Reference 34,‘page 150) and 7-7 (Reference 34, page 34)
show the maximum total estimated irradiance produced by the earth at the moon '
(separation distance of 238,000 miles). This data can be simply corrected,
assuming a squarelaw reduction of irradiance with distance, to yield the irrad-

iance at other distances. Assuming that the earth is a lambertian reflector also
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allows use of the data for rapid estimation of the light accepted by systems
with fields of view which include only a portion of the earth. For such cases
it is assumed that earthshine (solar reflection) varies cosinusoidally with

angle 0 (see Figure 7-8).

Sun Vehicle
Y

S - - - Earth
~ - (Lambertian
~ — - Reflector)
-
~O~
Vehicle

Figure 7-8. Earthshine Intensity Varies As Cosine O
When Viewed From Vehicle

Since the solar reflection curve of Figure 7-6 is applicable only for a fully
illuminated earth (i.e., with vehicle between sun and earth), some correction

is required for those conditions where the phase of earth's illumination, O, is

other than zero. Figure 7-9 indicates the appropriate correction factor and

was computed from the formula:
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J = —ﬁ— Hs —%— a2< [n -B] cosB + sinB)

where
J 1s the apparent radiant intensity in watts/steradian;
p 1is reflectance or albedo;

H 1s the irradiance at earth due to sun in watt